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ABSTRACT

PHYSICAL PROCESSES AT POLAR AND TEMPERATE GROUNDING ZONES
Timothy O. Hodson, PhD
Department of Geology and Environmental Geosciences
Northern Illinois University, 2017
Ross D. Powell, Director

Processes mediating the interaction between ice sheets with the ocean and with their beds
contributes the largest source of uncertainty in projections of global sea-level rise. Yet, accessing the icesheet bed and ocean boundary directly are challenging and in most cases prohibitive. As a consequence,
our understanding of these environments relies heavily on inference from theory, remote sensing, and the
geologic record of past ice-contact deposits. Although these support important insights, critical gaps
remain. Many hypotheses are essentially untested and significant uncertainty remains in their applicability
and in how remote sensing and geologic data should be interpreted.
This dissertations helps to fill that observational gap through a series of case studies examining
modern grounding zones, thereby providing new insight into a range of topics including (1) the
organization of the subglacial hydrologic system beneath an Antarctic ice stream, (2) ocean circulation to
ice-shelf grounding zones, (3) depositional processes at a polar ice-stream grounding zone, (4) how
grounding-zone deposits record conditions at ice-sheet margins, (5) controls on glacial erosion, and (6)
the capacity for sediment deposition at grounding zones to stabilize ice sheets and glaciers against
climate change.
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INTRODUCTION
The grounding zone is the transitional zone at which marine-terminating glaciers or ice sheets
cease to be in contact with the underlying substrate and go afloat to form ice shelves or end abruptly as
tidewater cliffs. Ice fluxes across grounding zones represent a large fraction of global ice-sheet mass
loss, and while those fluxes are well constrained by remote sensing, factors affecting rates of mass loss
from grounding zones are not. As a result, coupled ice sheet-ocean models still suffer high uncertainty
and need additional observational data to validate their results and to improve how the ice sheet-ocean
boundary is parameterized. This dissertation helps to fill that gap by presenting a series of studies from
modern grounding zones that provide a rare look into these environments.
During the past decade, global mean sea-level rise (GMSLR) has occurred at ~2.74mm yr-1
(Figure 1). Roughly half of that trend was from thermal expansion of the ocean and a nearly equal amount
from mass loss by glaciers and ice sheets (Rietbroek et al., 2016). Ice sheets lose mass through a
combination of melting at their surface (terrestrial loss), and submarine melting and iceberg calving where
they flow into the ocean (marine loss). Globally, mass loss from glaciers and ice sheets is divided
approximately equally between these two components. However, regional mass loss varies with air and
ocean temperatures. Where surface temperatures are persistently sub-freezing, like in Antarctica, marine
losses dominate. By comparison, where surface temperatures seasonally rise above the freezing point,
widespread terrestrial losses can occur. This is the case in Greenland, which loses half of its mass to
surface melting, and for mountain glaciers and ice caps, which globally lose most of their mass to surface
melting (IPCC, 2013).
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The largest uncertainties in projections of future ice-sheet loss and GMSLR arise from a poor
understanding of two key environments affecting rates at which ice sheets transfer mass from their
interiors, where losses are minimal, to their margins, where losses are greatest. The first is the ice sheet
bed, where meltwater causes extreme spatial and temporal variations in ice sheet flow by affecting how
readily the ice slides over the substrate below (e.g., Anandakrishnan and Alley, 1997; Engelhardt and
Kamb, 1997; Bamber et al., 2000). The second is the grounding zone, where warm-water currents cause
rapid melting (MacAyeal, 1984; Rignot and Jacobs, 2002) that accelerate both iceberg calving (Luckman
et al., 2015) and ice-sheet flow (Shepherd et al., 2004; Joughin et al., 2012). Furthermore, many marineterminating glaciers and ice sheets also rest on beds that deepen toward their interior creating a state
where their grounding zones are prone to runaway retreat unless stabilized by other factors such as drag
from ice shelves (Weertman, 1974; Meier and Post, 1987; Schoof, 2007a).

Figure 1. Global mean relative sea level, divided into different contributions. The curves are smoothed with a 3-month
running mean and have been offset for clarity (from Rietbroek et al., 2016).
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Advances in remote sensing have revolutionized our ability to monitor the dynamics of glaciers
and ice sheets. Satellites, in particular, provide unprecedented views in terms of high spatial and temporal
coverage of polar regions during the past few decades. The theoretical advances brought about by
remote sensing in combination with advances in numerical modeling should not be understated and
provide a strong basis for proceeding towards more reliable projections of how glaciers and ice sheets will
respond to climate change. However, even state-of-the-art models display a high degree of divergence in
ice-sheet dynamics and large uncertainty remains in how to parameterize critical processes at the ice
sheet bed and ocean boundary. Moreover, the short duration of the observational record makes it difficult
to distinguish short-term variability from longer-term trends, which can bias interpretations as well as
numerical models (Joughin and Alley, 2011). Model uncertainty can be reduced through two main means.
First, we require more data to better understand processes mediating ice sheet dynamics, particularly at
grounding zones, so that they can be simulated or parameterized in a realistic manner. Second, we need
means to validate ice sheet models, especially over longer time scales. Although the observational record
is continually expanding, we have not yet reached a point where we can distinguish natural versus
anthropogenically-driven variability in ice sheet behavior or whether critical tipping points have been
crossed in ice sheet stability. To address this, we also require long-term proxies for past ice sheet
behavior, which when integrated with observational records, provide a basis for validating both short-term
and long-term projections of how the cryosphere will be affected by a warming climate. This dissertation
uses observations from modern grounding zones to advance both fronts.
Grounding zones broadly fall into two categories: those that occur between a grounded ice sheet
and an ice shelf and those that occur where the ice sheet ends abruptly at the ocean as a vertical cliff,
known as a tidewater terminus (Figure 2). Surface temperature is the main determinant on form, as ice
shelves are only stable where surface temperatures are well below the freezing point. However, tidewater
cliffs can occur in colder settings where ice-flow rates are low relative to rates of marine melting (Powell
and Domack, 1995).
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Figure 2. Types of grounding zones. Diagrams show the position of the grounding zone at the margin of an ice sheet
with a floating ice shelf (A) and at a tidewater ice sheet margin (B) (from Batchelor and Dowdeswell, 2015).

Chapters 2 through 4 focus on the polar endmember and present data collected through
boreholes drilled into the Whillans Ice Stream (WIS) in Antarctica (Figure 2a and Figure 3). Although it is
slowing, the WIS is archetypal of fast-flowing, polar ice streams that convey roughly 90% of all mass loss
by the Antarctic Ice Sheet (AIS) to the ocean (Bamber et al., 2000). Although the AIS’s current
contribution to sea-level rise (0.26mm yr-1) is smaller than that from GrIS (0.73mm yr-1) or smaller glaciers
and ice caps (0.38mm yr-1), recent observational (Rignot et al., 2014) and modeling (Joughin et al., 2014)
studies suggest portions of the AIS have already begun to collapse, which could dominate ice sheet
contributions to GMSLR during the next century. In addition, the AIS is by far the largest ice sheet in
existence, roughly ten times larger than GrIS, and therefore, has the largest potential to raise GMSL. If it
were to melt completely, the ice within the AIS would raise global sea level by roughly 70m; however, only
a fraction of that volume is grounded below sea level and directly susceptible to instabilities arising at the
grounding zone (e.g., Fretwell et al., 2013). Chapters 2 and 4 examine sediment cores collected from the
WIS grounding zone and from a subglacial lake upstream. These records are some of the first to be
obtained from their respective environments and help elucidate processes in the subglacial hydrologic
system and at the grounding zone affecting ice-sheet mass loss. Chapter 3 examines in situ
oceanographic observations collected from the WIS grounding zone site and provides critical data for
assessing the susceptibility of Antarctic grounding zones to ocean forcing.
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Figure 3. Map showing locations of studies in this dissertation. Study locations shown by white stars. Colors show the
NCEP/NCAR Reanalysis 1 mean surface air temperature between 1948 – 2017.

Chapters 5-6 focus on temperate tidewater glaciers in Alaska (Error! Reference source not f
ound. and Figure 3). Like the AIS, this type of glacier is only a minor contributor to GMSLR at present,
but they could become more significant during the next century if southern Greenland continues to warm.
Temperate marine-terminating glaciers are arguably the most dynamic of all glacial regimes, and
significant uncertainty remains as to how to accurately represent their behavior in numerical models. Like
colder regimes, temperate marine-terminating glaciers are prone to grounding-zone instability, but they
lack ice shelves or thick iceberg mélanges that can buttress and stabilize the grounding zone during a
retreat. However, they possess one mechanism colder regimes lack: temperate glaciers produce prolific
volumes of sediment, with orders of magnitude higher sediment yields than colder regimes (Hallet et al.,
1996; Elverhøi et al., 1998). In extreme examples, deposition near temperate marine-terminating glaciers
can exceed 10 m/yr. That rapid sediment deposition can help stabilize the grounding zone and reduce
mass loss by calving and submarine melting (Powell, 1991).
Chapter 5 uses repeat bathymetric surveys of glaciated fjords in southeastern Alaska to quantify
sediment fluxes from temperate marine-terminating glaciers. Results of this study suggest subglacial
meltwater is the dominant control on sediment fluxes to grounding zones, contrary to the long-held view
that ice velocity was the principle control (Hallet, 1979; Harbor et al., 1988; Koppes and Hallet, 2002). If
this inference is correct, sediment fluxes to grounding zones will increase as the climate warms and melt
rates rise. Current ice sheet models generally omit sedimentation; therefore, they ignore one of the few
ice-sheet-stabilizing mechanisms that will strengthen as the climate warms.
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Chapter 6 examines the deglaciation of the Cordilleran Ice Sheet (CIS) from Southeastern Alaska
following the Last Glacial Maximum. Like southeast Greenland today, the western margin of the CIS was
characterized by large outlet glaciers calving into trans-continental shelf troughs and deep fjords, and
high coastal mountains meeting warm ocean currents to generate abundant precipitation (e.g., Wilson
and Overland, 1987; Clague and Ward, 2011). Moreover, the climate transition that drove CIS
deglaciation was punctuated by abrupt ~3 ºC warming events (Praetorius and Mix, 2014; Praetorius et al.,
2015), similar to warming projected for Greenland by the end of this century (Church et al., 2013).
Therefore, the CIS is perhaps the closet available analogues to southeastern Greenland, which is
projected to be an early responder to climate change (Hanna et al., 2013; Straneo and Heimbach, 2013;
Vizcaino et al., 2015; Rietbroek et al., 2016). Although ice-sheet models have made significant
improvements in simulating the dynamic processes driving Greenland’s mass loss, they rely on
parameterizations that may no longer be appropriate as the ice sheet evolves, and significant uncertainty
remains about the rate, magnitude, and even the sign of Greenland’s response to a warming climate
(Howat et al., 2011; Moon et al., 2012; Nowicki et al., 2013). By reconstructing how the CIS responded to
a known ocean-forcing in the past, this work helps validate ice sheet-ocean models simulating the
evolution of the Greenland Ice Sheet.

PHYSICAL PROCESSES IN SUBGLACIAL LAKE WHILLANS, WEST ANTARCTICA:
INFERENCES FROM SEDIMENT CORES
Introduction
Roughly 400 subglacial lakes are currently thought to exist beneath the Antarctic Ice Sheet where
its base is at the pressure melting point (Wright and Siegert, 2012). These lakes have generated scientific
interest for their potential to harbor unique microbial ecosystems (Priscu et al., 1999; Christner et al.,
2014), influence ice dynamics (Bell et al., 2007; Stearns et al., 2008), and preserve paleoclimate or
paleoenvironmental records in their sediments (Bentley et al., 2011). Large, deep structural lakes in the
East Antarctic interior, such as Subglacial Lake Vostok, may have existed continuously through the late
Cenozoic and potentially contain sedimentary records of the early evolution of the East Antarctic Ice
Sheet (Siegert et al., 2001). Other shallower lakes beneath fast flowing ice streams near the ice sheet
margin might contain sedimentary records of the dynamic subglacial hydrologic system, which is thought
to regulate ice streaming (Anandakrishnan and Alley, 1997). As ice streams discharge 90% of the ice lost
from the Antarctic, their dynamics determine the rate at which the ice sheet can affect global sea level
(Bamber et al., 2009).
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Ice streams occur in zones of low basal drag, where a combination of soft sediments and low
effective pressures, the difference between ice overburden pressure and water pressure, act to lubricate
the ice sheet bed. As ice stream driving stresses are low, due to their low surface slopes, even small
changes within the subglacial hydrologic system can potentially have large effects on basal drag and ice
flow (Anandakrishnan and Alley, 1997). Ice streams are also sensitive to processes at their grounding
zones, where they transition to floating ice shelves. When ice streams occur over reverse sloping beds,
any retreat places the grounding zone in deeper water where the ice thickness is greater. As the ice flux
across the grounding zone increases nonlinearly with ice thickness, this creates a potential for runaway
retreat with increasing rates of ice loss (Weertman, 1974; Schoof, 2007b). Such a retreat could be
triggered by increased melting across the bottom of the ice shelf, thinning the ice and reducing its
buttressing effect, or by focused melting at the grounding zone (Rignot and Jacobs, 2002). However, a
number of internal mechanisms may counter this instability, including sediment deposition at the
grounding zone, which reduces water depth, preventing the ice from going afloat as it thins, and
increases the frictional drag from the bed, helping to buttress the ice sheet margin (Alley et al., 2007;
Anandakrishnan et al., 2007). Ice stream dynamics therefore reflect a broad range of processes that
integrate glaciology, hydrology, geology, and oceanography (Anandakrishnan et al., 1998; Bindschadler
et al., 2003; Clarke, 2005), specifics of which are not well understood, due to the difficulty of accessing
and sampling the ice sheet bed. Nevertheless, defining and predicting ice sheet stability requires that we
constrain the dynamics of these systems (Joughin et al., 2014; Rignot et al., 2014).
We describe the first sediments recovered from an active Antarctic subglacial lake. The lake,
known as Subglacial Lake Whillans (SLW), sits beneath the 800 m thick Whillans Ice Plain (WIP), the
lowermost section of the Whillans Ice Stream (WIS) before it goes afloat and flows into the Ross Ice Shelf
(Figure 4a). SLW and other active lakes underlie at least ~10% of this region and were first identified from
the short-term fluctuations in the overlying ice surface elevation driven by cyclic draining and filling of the
lake waters (Fricker et al., 2007).
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From the beginning of satellite altimetric observation in 2004 to our sampling of the lake, SLW
had undergone two such fill-and-drain, or “flood”, cycles, each lasting approximately two years and
separated by quiescent lowstands of more variable duration. When the lake drains, roughly 0.15km3 of
water discharges over a six-month period, lowering the ice elevation above the lake by ~5m (Fricker et
al., 2007; Christianson et al., 2012). Prior to our sampling in January 2013, the last drainage occurred in
2009, during which ice surface elevations above the lake dropped to ~0.8 m above their lowest observed
level (Figure 4b). Between that drainage and our accessing the lake, the ice surface gradually rose
another ~0.6m, primarily due to dynamic thickening from the slowdown of the ice stream (Pritchard et al.,
2012; Siegfried et al., 2014).
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Figure 4 Location map of SLW. a) Location of the WIS and SLW [from Christner et al., 2014b]. The maximum extent
of SLW and other subglacial lakes in blue; predicted subglacial water flowpaths through SLW and other subglacial
lakes are represented by blue lines with arrows; the black line denotes the ice-sheet grounding line at the start of the
Ross Ice Shelf. Inset shows details of SLW with both maximum (solid blue line) and minimum lake extent (shaded
blue area), hydropotential contours (white isolines; 25kPa interval), and drill site (yellow star; 84.240°S 153.694°W).
Background imagery is MODIS MOA30. b) Relative change in average lake surface elevation between 2004 and
2014 (Siegfried et al., 2014).
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Methods
Coring Operations
Three coring devices were deployed into SLW: a gravity multi-corer with three 60mm diameter
core barrels designed to recover the soft upper-most sediment and sediment-water interface; a borehole
piston corer with a 58mm diameter core barrel; and a percussion corer with a 10cm diameter core barrel
(Hodgson et al., 2016). Due to a malfunction, percussion-coring was ceased after 10 minutes (approx. 10
blows of the weight). All sediment cores were collected within a 40-hour window, during which time the
borehole moved roughly 1m downstream (Tulaczyk et al., 2014). In total, an 80cm long piston core, a 40
cm long percussion core, and six multicores between 20-40 cm long were recovered. Once the sediment
cores reached the surface, they were set vertically for at least two days to allow them to outgas and settle
before being laid horizontally for packing and refrigerated (4°C) shipping and long-term storage.
Whole Core Measurements
Sediment cores were split, logged, and sampled at the Hartshorne Quaternary Lab at University
of Massachusetts, Amherst. High-resolution line-scan imagery, gamma ray attenuation bulk density and
magnetic susceptibility were logged for both whole and split cores using a Geotek multi-sensor core
logger. High-resolution ED-XRF spectra were logged on the split cores at a 0.3mm interval using an
ITRAX XRF core scanner, which irradiated the sample with a beam generated from a 3 kW Mo target run
at 45kV and 30mA over a 15 second exposure time. In addition to line-scan radiographs generated by the
ITRAX, high-resolution core radiographs of the split cores were taken using a Torrex 120-D radiograph at
Antarctic Marine Geology Research Facility, Florida State University.

12
Moisture Content and Particle Size
Sediment moisture content was measured at ~2 – 5cm intervals by measuring the weight lost
after oven drying the sample for 24hrs at 110°C. Initial wet sample weights ranged between 20 and 50g.
After oven drying, the samples were disaggregated and their particle sizes were analyzed using sieve and
pipette methods. As variable clast content in diamicton samples influence measurements of moisture
content, the weight of the gravel fraction was subtracted from the bulk weight in determining moisture
content. Additional particle size analysis using laser diffractometry was performed at ~10 cm intervals.
Approximately 5g of sediment was gently disaggregated and dry-sieved to remove gravel (>2mm). An
aliquot of the sieved sample was then transferred into a glass bottle with 0.5ml 5% sodium
hexametaphosphate solution and 30ml deionized water. Samples were then shaken for 8 hours prior to
analysis on a Malvern Mastersizer 3000.
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Magnetic Fabric and Magnetic Granulometry
2cm-wide oriented paleomagnetic cubes were collected every 4 – 10cm along each core for
analysis of anisotropy of magnetic susceptibility (AMS) and natural remnant magnetization (NRM).
Samples were taken from the center of the cores to avoid disturbance that typically occurs along the
outside edge of the core. Unoriented samples were collected at each depth for magnetic granulometry.
Stepwise alternating field (AF) demagnetization and measurement of the NRM was performed using a Dtech D-2000 alternating field demagnetizer and AGICO JR-6 spinner magnetometer. Samples were
subjected to peak fields of 0 to 80 mT in 5 – 10mT increments. AMS measurements were made using an
AGICO KLY-4 Kappabridge at Montclair State University. 1 The magnetic susceptibility of each cube was
measured in 15 orientations, yielding a second-rank susceptibility tensor. The eigenvalues of this tensor
are the three principal magnetic susceptibilities, kmax, kint, and kmin, which represent the lengths of the
long, intermediate, and short axes of a susceptibility ellipsoid. The orientation of each axis (eigenvector)
is given by its inclination (I) and declination (D). Two parameters representing the shape of the AMS
ellipsoid are the lineation parameter (L = kmax/kmin), and foliation (F = kint/kmin). L < F indicates an
oblate ellipsoid. L > F indicates a prolate ellipsoid.
AMS fabrics in sediment can arise from the preferential alignment of ferromagnetic and
paramagnetic grains during deposition or post-depositional processes, or by coring-induced disturbance.
Disturbed portions of the sediment cores were identified by horizontal values of Imin and near-vertical
values of Imax indicating core stretching (Thouveny et al., 2000) or by anomalously high foliation, which
can indicate coring-induced compaction.

1

AMS and NRM measurements were performed by Stefanie Brachfeld of Montclair State University.
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Magnetic domain state and magnetic mineralogy were determined from hysteresis parameters,
thermomagnetic curves, and scanning electron microscopy and energy-dispersive x-ray spectrometry.
Hysteresis parameters were measured on bulk sediment using a Princeton Measurements Corp.
Vibrating Sample Magnetometer (VSM). Thermomagnetic curves were measured on bulk sediment on an
AGICO KLY4 Kappabridge from 20 to 700˚C in a flowing argon gas atmosphere. Polished grain mounts
were analyzed on a Hitachi S3400N scanning electron microscope equipped with a Bruker X-Flash x-ray
microanalysis system.
Sediment Micromorphology
Sedimentary microfabrics result from the reorientation of sand, silt, and clay grains in response to
a deforming stress. Like AMS, microfabrics can help distinguish depositional processes in
macroscopically structureless tills. Microfabrics are also susceptible to even small strains (Hiemstra and
Rijsdijk, 2003) giving them the potential record disturbance from coring or degassing that may impact
NRM and AMS fabrics.
Three 75x35mm sections were extracted from the piston core from shallow (15 – 22.5cm),
intermediate (34 – 42cm), and deep (67 – 74cm) intervals and one from the percussion core (23.5 –
31cm) for micromorphological analysis. The sections were freeze-dried and impregnated with epoxy prior
to being cut into thin sections. Each thin section was oriented with respect to vertical but their orientation
relative to ice flow is unknown. Microfabrics in the sediments were described following standard
terminology used in the glacial literature (i.e., van der Meer, 1993; van der Meer and Menzies, 2011).
Sediment Lithology
Thin sections made from grain mounts were prepared from size-sorted grains from each phi size
fraction between 500 to 2000μm. Approximately 300 grains in each sample were identified under a
petrographic microscope and tallied while making systematic transects across the thin section. The point
counts from each size fraction were then aggregated over the 500 – 2000μm range, with each fraction
weighted according to the particle size distribution.
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Results
Sediment cores recovered through the 800m deep borehole into SLW contain dark grey muddy
diamicton, consisting of 8% granules and pebbles, 33% sand, 26% silt and 33% clay, similar to basal
sediment sampled ~200km upstream on the Whillans Ice Stream at a site known as Upstream B (UPB;
Tulaczyk et al., 1998). The composition of the sand fraction is indistinguishable from UpB and similar to
other samples from the Siple Coast and Eastern Ross Sea Region (Licht et al., 2005; Puttkammer, 2016).
Common lithologies include hydrothermally altered felsic intrusives and meta-sedimentary schists and
phyllites. Sedimentary and extrusive rock fragments each constitute ≤1% (Appendix A). With the
exception of thin (1 – 2mm diameter) degassing tubules, the sediment appears structureless. Xradiographs of the cores show variable clast content with depth but otherwise no discernable stratification
or grading (Figure 5a). High-resolution scans of element chemistry and bulk magnetic susceptibility show
negligible stratigraphic variability in chemical and physical properties suggesting the sediment is very
homogenous over the sampling depth (~0.8m). Log density also shows no trend despite a logarithmic
decrease in moisture content with depth. This difference likely reflects the presence of air filled voids,
formed by outgassing as the cores equilibrated to conditions at the surface. Moisture content, which is
unaffected by degassing (Tulaczyk et al., 2001a), is 35% at the sediment-lake water interface. Assuming
a compressibility similar to the till upstream (Tulaczyk et al., 2000), this high moisture content implies in
situ effective stresses during deposition were low (≤1kPa), similar to the environment inferred to be
beneath much of the surrounding ice plain. Sedimentary microfabrics and microstructures within the cores
are weakly developed and indicate ductile deformation consistent with shear under low basal effective
pressure (e.g., Khatwa and Tulaczyk, 2001; Cowan et al., 2014). Fabric disturbance due to degassing is
negligible; however, sections of the cores contain stronger microfabrics associated with coring
disturbance that have overprinted the natural fabrics (Appendix A).
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The magnetic mineral assemblage in the piston core and percussion core consists of magnetite
and ilmenite, possibly with nano-scale hematite intergrowths (Appendix A). However, ilmenite is
antiferromagnetic and does not contribute substantially to NRM or AMS signals. Magnetite ranges in size
from fine pseudo-single-domain (PSD) to multidomain size, determined from the median destructive field
of the NRM (35-40mT) and from hysteresis loops that are dominated by the multidomain fraction
(Appendix A). The magnetic mineral assemblage is uniform throughout PC1 and PEC, consistent with
relatively constant Fe/Ti ratios determined from XRF measurements (Figure 5).
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Figure 5. SLW1-PC1 core logs. a) Right to left: Geotek line-scan images of piston core (SLW1-PC1), core radiograph,
digitized clasts, moisture content, Geotek wet bulk density, and ITRAX Fe:Ti. b) Particle size distribution of till matrix,
measured by laser diffraction. The mean and 2-sigma distributions are shown by the solid line and shaded region,
respectively.
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Magnetic fabrics in the cores can be visualized on lower hemisphere, equal-area stereonets,
where principal axes of the susceptibility ellipsoid are plotted according to their inclination (analogous to
plunge on a stereonet) and declination (analogous to trend). Points that form a tight cluster indicate
parallel axes, whereas points that form a great circle represent axes within a common plane. In the piston
core, kmin axes (red circles) orient vertically, whereas kmax axes preferentially orient along a shallowdipping plane (Figure 6b). Although partially masked by coring disturbance, the percussion core displays
a similar fabric (Appendix A). AMS fabrics in sediment affected only by axial loading, such as coringinduced compaction or natural consolidation, have no preferential azimuthal alignment of kint or kmax
(Tarling and Hrouda, 1993) indicating the SLW sediment has experienced some degree of horizontal
shear.
Natural Remnant Magnetization (NRM) inclinations in the upper 10 cm of the piston core vary
around -80˚, consistent with modern International Geomagnetic Reference Field (IGRF) inclinations at the
site. Below this depth, inclinations shallow to between -40˚ and -50˚. These deeper samples deviate
significantly from the modern paleomagnetic inclination and the geocentric axial dipole value for the site
latitude, indicating post-depositional strain, either from consolidation or shear. Samples from the
percussion core were uniformly poor recorders of NRM, consistent with coring disturbance inferred from
micro- and AMS fabric.
Discussion
The access borehole was located over the deepest portion of SLW, which was ~2 m deep in
January 2013 (Tulaczyk et al., 2014). At the same time, the average ice elevation above the lake was ~1
m higher than the lowest known level in 2004. After accounting for ~0.6m of dynamic thickening inferred
from altimetry (Pritchard et al., 2012; Siegfried et al., 2014), the ice stream likely grounded over most of
the lake bed in 2004, although a small remnant volume of water may have been present at the drill site.
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Structureless diamicton, such as that comprising the lake cores, can form from a number of
processes including: rainout through lake waters of debris melted out from basal ice, subaqueous debris
flows, or subglacial deformation during periods of grounding (Munro-Stasiuk, 2003; Benn and Evans,
2014). The sheared fabrics within the sediment argue against a rainout origin, and although similar fabrics
develop in debris flows, the low gradient and relief of the lake basin makes this mode of deposition highly
unlikely (Horgan et al., 2012). Based on ring-shear experiments on tills, weak fabrics such as those in the
SLW sediments indicate low strains. Conversely, under moderate to high strains the maximum
susceptibility axes quickly cluster in the shear direction (Hooyer et al., 2008). Iverson (2008) argues that
highly clustered, high-strain, fabrics in tills are proof of a thick deforming bed, whereas weaker fabrics are
more likely to occur under a more variable strain regime, such as in a thin deforming layer being plowed
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Figure 6. AMS fabrics in SLW cores. AMS fabric in the piston core (left column) and percussion core (right column).
a) Plots showing the variation in lineation (L = kmax/kmin) and foliation (F = kint/kmin) versus depth in the piston and
percussion cores respectively. Vectors represent the magnitude and inclination of the kmin principle susceptibility
axis. b) Maximum (squares), intermediate (triangles), and minimum (circles) principal susceptibilities with disturbed
sections omitted to highlight the natural fabric. kmax orientations trend towards a shallow plane depicted by the blue
line. As the cores are not azimuthally oriented, the three principal susceptibility axes have been rotated by a constant
so that the kmin axes plunge eastward or ‘down-glacier’, consistent with experimental observations from sheared
diamict (Hooyer et al., 2008).
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by protrusions on the ice bed. In that instance, a till may experience high strains, but without ever
developing a mature, highly-clustered fabric.
Geomagnetic field recording by the surficial sediment does not necessarily conflict with the shear
deformation implied by the AMS data. NRM fabrics can reorient to the ambient geomagnetic field under
extremely low effective pressure, where the sediment-water mixture approaches its liquid limit. Thus, the
same conditions that facilitate ice streaming may also be responsible for preserving NRM fabrics in some
tills (Gravenor et al., 1973; Stupavsky et al., 1974; Eyles et al., 1987). NRM ‘lock-in’ depths of two
decimeters up to several decimeters are typical for normally consolidated sediments (Snowball et al.,
2013; Stoner et al., 2013). The addition of an ice overburden would increase consolidation, reducing the
‘lock-in’ depth; however, given the low effective pressure beneath the ice plain this effect should be small.
Based on NRM inclinations in the piston core, ‘lock-in’ likely occurred at ~10cm below the sediment-water
interface. That inclinations shallow but remain relatively stable below this indicate strains at these depths
were low, consistent with the AMS results. Therefore, slip at the ice bed or deformation in the uppermost
10 cm of sediment must accommodate the high strains associated with ice stream flow.
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Assuming the environment beneath the ice plain is similar to that in the lake basin during
grounding events, a shallow deforming bed of the style suggested by the magnetic fabrics would transport
<40m3 m-1 yr-1 of till, similar to fluxes estimated much further upstream (Tulaczyk et al., 2001). To arrive at
this flux estimate we also assume an ice bed velocity of 350m yr-1 and plug flow through a <10cm thick
deforming horizon. In addition, some of the ice motion may be accommodated by basal slip, and strain
rates typically decreases with depth across the shear zone (e.g., Hooyer et al., 2008) (e.g., Hooyer et al.,
2008). Thus, the actual till flux may be an order of magnitude lower than our upper estimate. Sediment
transported subglacially across the ice plain ultimately accumulates at the grounding zone in the form of a
grounding-zone wedge, which can potentially help to stabilize the grounding zone position (Alley et al.,
2007). As Antarctic grounding-zone wedges are typically 10-20km long (Dowdeswell and Fugelli, 2012),
this till flux could accumulate a wedge at a rate of <4mm yr-1. Although this accumulation could mitigate
the effects of current rates of sea level rise, it might not keep pace with some projections of the late 21st
century (IPCC, 2014), and it is orders of magnitude slower than typical melting rates driven by ocean
thermal forcing (Rignot and Jacobs, 2002).
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Despite SLW’s history of filling and draining, sediment at and below the modern lakebed shows
no evidence of sorting or scour that would indicate a high-velocity water flow. From the empirical
Hjulstrom curve for a 1 m-deep flow, mean current velocities in the lake water column likely remain below
20cm s-1 during draining cycles, which is consistent with water fluxes implied by ICESat altimetry
(0.15km3 over 6 months; Fricker et al., 2007), if the flow pathways are broad. Thus, even though water
flows through the subglacial drainage network in “floods” (Fricker and Scambos, 2009), the water has
insufficient energy to erode or transport significant volumes of sediment coarser than silt. The dominance
of till combined with the lack of stratified sediment or lags on the lake floor suggest sediment fluxes
through the hydrologic network upstream and downstream of the lake are low, even relative to the low till
flux. By inference, meltwater flow across the central WIP is incapable of incising continuous canals into
bed and instead occurs through a more distributed system, maintained, at least in part, by hydrologic
jacking where water pressure exceeds that required to float the overlying ice. Thus, the canal imaged by
Horgan et al. (2013) crossing the grounding zone downstream of SLW may be a localized feature,
possibly eroded by tidal currents or a relic from a time of greater subglacial hydrologic activity.
Conclusions
Although we cannot constrain the last time ice grounded over Subglacial Lake Whillans, the
dynamic history of the lake combined with the lack of rainout debris from the actively melting ice above
(Fisher et al., 2015), suggest the lacustrine history of the site is short, probably on the order of decades.
This subglacial environment is analogous to a non-vegetated wetland within a terrestrial coastal plain,
where water bodies tend to be broad and shallow due to the low topographic relief. In the subglacial
equivalent, ice may frequently ground following hydrologic adjustments, limiting the long-term persistence
of shallow lakes and their sediments. With weak topographic control, frequent avulsions make flow paths
dynamic and difficult to predict (e.g., Carter et al., 2013). Consequently, ice stream subglacial lakes that
occur in association with soft sedimentary beds, as on ice plains, are ephemeral features and poorly
preserved in the geologic record, unlike lakes in deep bedrock depressions, such as subglacial lakes
Vostok and Ellsworth, which hold greater potential for preserving undisturbed paleoenvironmental
archives (Siegert et al., 2001; Filina et al., 2008; Bentley et al., 2011).
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Lacustrine sediments beneath SLW were anticipated to provide a longer-term record of the
dynamic hydrologic system under this portion of the Antarctic Ice Sheet. Instead we found that the lake
was floored by till, which provided insight into the present environment beneath the ice stream, and
specifically its ice plain. These regions are likely to have existed over many segments of the ice sheet
grounding line during its history and influence both how ice sheets grow and their sensitivity to external
climate forcing. Our results suggest that most subglacial sediment transport across the ice plain occurs
through a shallow (cm’s thick) layer of till with minimal sediment contribution from the subglacial
hydrologic network. This low subglacial sediment flux to the Whillans’ grounding zone is unlikely to
stabilize the grounding zone position against either ocean thermal forcing or changes in ice dynamics and
suggests that grounding zones could be more reactive to sea-level rise than previously thought.

OCEAN CIRCULATION AT THE GROUNDING ZONE OF WHILLANS ICE STREAM,
ANTARCTICA
Introduction
The Antarctic Ice Sheet (AIS) gains mass from snowfall and loses it to melting and iceberg
calving from its ice shelves. Global warming threatens to accelerate those losses, which could trigger
rapid multi-meter sea-level rise (Weertman, 1974; Schoof, 2007a; Joughin et al., 2014; Mengel and
Levermann, 2014; Rignot et al., 2014; Feldmann and Levermann, 2015; Golledge et al., 2015; DeConto
and Pollard, 2016). Yet, large uncertainty surrounds how ice shelves will respond to warming, particularly
at their grounding zones, where the grounded ice sheet transitions into a floating ice shelf. Most ice-shelf
melting occurs near grounding zones (Rignot and Jacobs, 2002; Rignot et al., 2013), but conditions there
are poorly constrained, leading to large divergence among existing ice sheet and ocean models (e.g.,
Hellmer et al., 2012; Timmermann and Hellmer, 2013; Golledge et al., 2015; DeConto and Pollard, 2016;
Obase et al., 2017).
A major source of uncertainty is the extent to which warmer water offshore can access the
grounding zones. Whereas much of the ice-shelf base is insulated within an envelope of colder water,
mixing at grounding zones brings warmer water from offshore into contact with the ice-shelf base to drive
high melt rates (e.g., MacAyeal, 1984; Holland, 2008). Freshening caused by that melting creates a
strong thermohaline gradient, which drives cross-shelf circulation linking the grounding zone to the ocean
offshore. However, other factors may reduce the efficiency of that exchange. Seafloor bathymetry, which
is poorly mapped beneath ice shelves, can restrict circulation and insulate grounding zones against
ocean forcing (e.g., Jenkins et al., 2010). In addition, the geometry of the ice shelf may also be significant,
with flatter ice shelves experiencing less vigorous circulation and less intrusion by offshore waters
(Schoof, 2007a; Stern et al., 2014).
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Here we use observations from a borehole near the grounding zone of the Whillans Ice Stream to
investigate how these competing factors influence circulation beneath the largest Antarctic ice shelf
(Figure 7). Previous observations from Antarctic grounding zones have come exclusively from smaller ice
shelves, at sites within a few kilometers from the open ocean (e.g., Powell et al., 1996; Sugiyama et al.,
2014). In contrast, our borehole was located over 600km from the calving line of the Ross Ice Shelf (RIS).
Despite that distance, water reaching the grounding zone was not substantially modified from ocean
water offshore indicating grounding zones of large ice shelves are not inherently insulated from ocean
forcing.

Figure 7. Map of the Antarctic Ice Sheet. Locations of ice shelves (white diagonal hatch) and grounding lines (black
lines) (Rignot et al., 2011), and our borehole (yellow circle; -84.335 S, -163.614 W). Contours showing surface
elevation at 500m intervals and continental shelf bathymetry are from Bedmap2 (Fretwell et al., 2013), overlain with
the Moderate Resolution Imaging Spectroradiometer (MODIS) MOA (Haran et al., 2014).
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Background
Satellite observations indicate basal melt rates near RIS grounding zones are low (Rignot and
Jacobs, 2002; Rignot et al., 2013), but it is unknown whether that reflects restricted circulation beneath
the RIS or because Ross Sea waters are too cold to drive high melt rates. The RIS is underlain by dense
High Salinity Shelf Water (HSSW), which forms by brine rejection during sea ice growth in the Ross Sea
(Figure 8). Owing to that process, HSSW is fixed near the surface freezing point. However, due to the
pressure dependence of the freezing point, HSSW has heat available to drive melting once it descends
beneath the ice shelf. That melting produces a colder and fresher water mass known as Ice Shelf Water
(ISW) that has two important effects: 1) Due to its lower relative density, ISW flows buoyantly up the
underside of the ice shelf as a plume, which insulates the ice shelf from further contact with HSSW. As
the plume ascends, it becomes supercooled relative to the in-situ freezing point eventually causing
refreezing to the ice-shelf base in some locations. 2) Because ISW is mostly HSSW with a small addition
of meltwater, conservation of mass dictates that the outflowing ISW be replaced by an inflow of similar
volume, thereby creating a self-sustaining thermohaline circulation that connects the grounding zone with
the ocean offshore.

Figure 8. Circulation regime in the Ross Sea, after Jacobs (1992). High Salinity Shelf Water (HSSW) forms by brine
rejection beneath growing sea ice in the Ross Sea and flows to the grounding zone. There upwelling brings the
HSSW into contact with the ice shelf base, causing melting. The resulting ISW buoyantly ascends along the
underside of the ice shelf while mixing with the inflowing HSSW below.
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In addition to being the largest ice shelf covering 500,000km 2 and draining a fifth of the AIS by
area, the RIS is also the flattest, thinning only ~400m over its more than 600km length (Fretwell et al.,
2013). As a consequence, the RIS, like other large ice shelves, has an extremely low basal slope, which
reduces the buoyant force driving the ISW outflow and weakens cross-shelf circulation (Schoof, 2007a).
The long transport distances beneath the ice shelf also permit more opportunity for mixing allowing
inflowing water to lose heat before reaching the grounding zone. Thus, the RIS is ideally suited for testing
the significance ice shelf geometry plays in circulation to the grounding zone.
Methods
Sub-ice Shelf Access and Observations
To access the RIS grounding zone, we melted a 760m-deep borehole, at a site 4km downstream
of the Whillans Ice Stream (Figure 7). Through that borehole, we deployed instruments, water samplers,
sediment corers, and a remotely operated vehicle (ROV) to make observations and measurements in
sub-ice shelf cavity from January 7-19, 2015. This paper focuses only on those results relevant to
understanding the broader circulation patterns beneath the RIS and the cross-shelf exchange between
grounding zone and open ocean, which include: salinity and temperature profiles from a Seabird
Electronics 19plus V2 Seacat Profiler CTD (conductivity, temperature, and depth) with accuracies of
0.5mS m-1, 0.005°C and 0.7dbar, respectively, at a sampling frequency of 4Hz; radiogenic isotopes
indicative of residence times beneath the ice shelf, as well as video observations and macrofauna
samples collected by the Deep-SCINI ROV (Burnett et al., 2015).2

2

CTD profiles collected by Jill Mikucki of the University of Tennessee.
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Seawater and Meltwater Source Contributions
Absolute salinity (S) and conservative temperature (θ) were calculated from the Thermodynamic
Equation of Seawater (TEOS-10). As both are conservative properties of seawater, they are a standard
means for fingerprinting and tracing the flow of water masses in the ocean. To determine the contribution
of water masses at the RIS grounding zone, we assumed a three-component mixing model among
seawater (Xs), basal ice-shelf meltwater (Xm), and other meltwater (Xo), which we solve at each depth in
the water column using the following system of conservation equations:
𝑋𝑠 + 𝑋𝑚 + 𝑋𝑜 = 1
𝑆𝑠 𝑋𝑠 + 𝑆𝑚 𝑋𝑚 + 𝑆𝑜 𝑋𝑜 = 𝑆
𝜃𝑠 𝑋𝑠 + 𝜃𝑚 𝑋𝑚 + 𝜃𝑜 𝑋𝑜 = 𝜃

(1)

where S and θ are the measured in-situ water properties. The other meltwater component (Xo)
represents an undetermined mixture of subglacial meltwater and borehole water, which both have similar
salinity (So = 0 g kg-1) and are near the in-situ freezing temperature (θo = -0.48 C). For the ice shelf
meltwater source, Sm is also 0g kg-1,but θm is lowered below the in-situ freezing temperature by the
latent heat that is necessary to melt the ice:
𝜃𝑚 = 𝜃𝑓 −

𝐿
𝑐𝑖
−
(𝜃 − 𝜃𝑖 )
𝑐𝑤 𝑐𝑤 𝑓

(2)

where θf is the freezing point of seawater, cw and ci are the specific heat capacities of seawater
and ice, respectively, and θi is ice temperature (Jenkins, 1999). We assume the basal ice be at the in-situ
freezing point (θf = θi ), thus conduction into the ice is negligible. Temperature and salinity of the
seawater source (θs = -1.91°C; Ss = 34.93g kg-1) were estimated from the average of World Ocean
Database (WOD) CTD profiles taken from 657 – 667m depths off the western RIS edge (160 – 180°E)
between 2006 and 2016 (Boyer et al., 2013).
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Amphipod 14C Ages
In addition to the thermal exchange between the grounding zone and offshore ocean, we were
also interested in sources of nutrients at the RIS grounding zone, and specifically, whether organisms
living at WGZ obtained nutrients from material melting out locally from the basal ice or from the ocean
offshore. To test this, we used a baited trap to catch live amphipods, which we then radiocarbon dated. If
the radiocarbon ages of the amphipods were substantially older than those of organisms living in the
open ocean, it would indicate grounding zone organisms receive carbon and presumably other nutrients
from the basal ice. All dates were obtained from amphipod appendages, thereby avoiding contamination
from bait in their guts. The samples were pre-treated using standard acid-base-acid protocols (Abbott and
Stafford, 1996), combusted to convert to CO2, then graphitized and measured using accelerator mass
spectrometry at the Keck Radiocarbon facility at the University of California, Irvine. 3
Seawater 129I
Seawater samples were collected using a modified UWITEC multicore and analyzed for 129I, an
anthropogenic radioisotope released to the environment by human nuclear activities since the 1940s; the
abundance of 129I can indicate whether a water mass has been exposed to the atmosphere since that
time. The 129I abundance and 129I/127I atomic ratios were measured using the 3MV Tandem
Accelerator Mass Spectrometer (AMS) system (HVEE) in the Xi’an AMS center following published
methods (Xing et al., 2015).4

3 14C

ages measured by Nathan Stansell of Northern Illinois University.
Seawater 129I abundance and 129I/127I atomic ratios measured by Alan Aldahan of UAE University and Hou Xiolin of
Technical University of Denmark.
4
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Results
Source Water Masses
Over the course of our borehole operations, we collected three CTD profiles through the 10mthick sub-ice shelf water column: two during rising tide and one during falling tide (Figure 9). The water
column structure was consistent among profiles, except for a varying contribution near-freezing
freshwater, which we believe was borehole water. That contribution is seen most clearly in the first profile
by the diverging mixing line, which develops within a meter of the ice shelf base (Figure 10). Later profiles
also show mixing of that freshwater deeper into the water column, which could have been caused when
the borehole was reamed with hot water or during other instrument deployments. The two later profiles
also suffered from higher instrumental noise, and for these reasons, our analysis focuses on the first cast.

Figure 9. Timeline of select borehole observations. Timing of CTD deployments are shown by the blue, black, and red
vertical lines. GPS height data at WGZ (green) is compared with the CATS 2008a tidal model (grey) (Branecky et al.,
in prep).
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Apart from the other freshwater component at the ice-ocean interface, the water column falls
almost entirely along a mixing line formed between HSSW found at the western RIS edge and ISW
generated by that same HSSW source (Figure 10). The lower 6m of the water column, which likely
corresponds to the inflow toward the grounding zone, is well mixed, except for a 0.1C thermocline 2m
above the seafloor (Figure 10). As there is no associated change in salinity, this small temperature step
could reflect geothermal heating. Otherwise, temperature and salinity in the inflow (SA= 34.87g kg-1; θ = 2.039C) are only slightly modified from HSSW in the western Ross Sea (Figure 11). Above that, a 3mthick stratified layer separates the bottom water from the well-mixed ISW plume, which occupies the
upper 0.9m of the water column. Based on our three-component mixing model, HSSW constituted 99.8%
of water at the site with marine meltwater and other freshwater contributing 0.2% and 0.04% respectively.

Figure 10. CTD profiles from the grounding zone ocean cavity. Left) Conservative temperature (solid red) and
absolute salinity (dashed blue) versus depth in the water column as measured during the first CTD cast. The gray
profiles show temperature (solid) and salinity (dashed) profiles during subsequent casts. Tf is the in-situ freezing point
of seawater. Horizontal gray lines correspond to water column layers discussed in text. Right) Temperate-salinity
diagram, color-coded by depth. The mixing line created by basal ice-shelf melting in contact with seawater is shown
in dashed blue in T-S space, whereas seawater mixing with basal meltwater discharging from beneath the WIS is
shown by the solid line. Any mixture of these three sources would fall within between the two lines. The red triangle
shows water properties along the western RIS calving line at the same depth as WGZ. Measurements from
subsequent casts are shown in gray.
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Figure 11. Temperate and salinity profiles at WGZ compared with those at the RIS calving line. WGZ profiles are red
and WOD CTD casts from the calving line of the western RIS (WRIS; 160 – 180 °E) are gray. Freezing line for HSSW
shown by dashed line.

Radiogenic Tracers
Despite being over 600km from open ocean, we found an abundant and metabolically active community
of nektic and planktic marine organisms, including fish (notothenoids and eelpouts), amphipods and jellies
(medusoids and ctenophores). Amphipods caught at the site yielded radiocarbon ages of 1075 ± 40 14C
years, equivalent to the Southern Ocean reservoir (Hall et al., 2010), indicating organisms at the
grounding zone source nutrients from primary producers in the open ocean, rather than material from the
ice sheet upstream. In addition, the 129I concentration and 129I/127I atomic ratio in the seawater were
5.7×106 atoms L-1 and 2.3 ×10-11, respectively. Both values are comparable to modern levels offshore
(1.15 – 3.15×106 atoms L-1, and 0.61 – 1.98×10-11) (Xing et al., 2015), which is consistent with previous
studies indicating water circulating beneath the RIS has a residence time of 6-8 years (Loose et al.,
2009).
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Discussion
Together, the relatively warm waters near the grounding zone, low cavity residence times, and
nutrients from the open ocean demonstrate an efficient cross-shelf exchange linking the grounding zone
to the ocean offshore. Interestingly, the water column beneath our borehole was stratified, contrary to
predictions that tidal forces near the grounding zone should inhibit stratification and promote melting
there, which was a key argument for an efficient, cross-shelf thermohaline circulation between the
grounding zone and the ocean offshore (MacAyeal, 1984). We also observed no significant contribution of
subglacial meltwater that might otherwise help establish thermohaline circulation to the grounding zone,
despite proximity to an outlet connecting several active subglacial lakes upstream (Carter and Fricker,
2012).
Observations beneath the RIS are sparse and to date, only one other borehole has accessed the ocean
cavity beneath the interior of the ice shelf, at the J-9 site ~200km north of WGZ (Figure 12 and Figure 13).
Whereas water at WGZ falls along the mixing line formed by ice melting in HSSW from the western Ross
Sea, J-9 is a more complex mixture between HSSW in the lower water column, and ISW formed from Low
Salinity Shelf Water (LSSW) from the eastern Ross Sea near the ice shelf base (Foster, 1983; Nøst and
Foldvik, 1994). Previously, the contribution of easterly LSSW to J-9 was attributed to the Coriolis force
and the ice thickness gradient, which drive ISW westward toward J-9. Our data require a significant
modification of that hypothesis: the difference in source is also controlled by bathymetry. Large seafloor
troughs underlie the RIS and run from the outer continental shelf to the grounding zone. Troughs run
connect the western and central Ross Sea to grounding zones along the western RIS (Figure 13)
(Holland et al., 2003; Dinniman et al., 2007), consistent with our observation of HSSW at WGZ. Although
a trough also connects J-9 to the central Ross Sea, that trough does not extend back to the Kamb Ice
Stream grounding zone (KGZ) and terminates instead at a 430m deep seafloor ridge. At J-9, HSSW
occurs below 430m (Foster, 1983), suggesting the ridge blocks HSSW from reaching KGZ (Figure 14). As
a result, the Kamb and Whillans grounding zones draw water from different regions and at different
depths in the water column, which could cause the two regions to respond differently to ocean forcing.
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Figure 12. T-S diagram comparing CTD profiles at J-9 (Foster, 1983) and WGZ (this study). TFr is the sea surface
freezing point. Black lines with gradients of 2.40 represent marine meltwater mixing lines. The red triangle shows
water properties along the western RIS calving line at the same depth as WGZ.
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Figure 13. Map showing the location of the WGZ borehole relative to J-9. Black lines depict transects shown in Figure
14. Solid red lines show potential routes of HSSW circulation to grounding zones based on observations from J-9
(Foster, 1983; Nøst and Foldvik, 1994) and WGZ. Blue lines show the same but for LSSW. The dashed blue line
represents the flow of shallower LSSW that drives melting upstream of J-9.

Figure 14. Cross sectional transects across the Ross Ice Shelf through WGZ and J-9. Ice surface elevation,
thickness, and bed topography from Bedmap2 (Fretwell et al., 2013). Transect B-B’ from RIS calving line to WGZ
showing relatively flat seafloor (Top) contrasted by C-C’, which has a ridge blocking flow to the grounding zone. The
dashed line demarks the depth of the ridge top (430m). Red lines show CTD temperature profiles at J-9 (Foster,
1983) and RIS edge (WOD).
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Although the RIS presently appears stable (e.g., Paolo et al., 2015), it has been extremely
dynamic throughout the Holocene (Conway, 1999; Golledge et al., 2012; Hall et al., 2015; Hein et al.,
2016; Yokoyama et al., 2016). The cause of that dynamism is not understood. Some hypothesize ocean
warming played a role (Golledge et al., 2012; Hall et al., 2015; Yokoyama et al., 2016), but as the
temperature of HSSW is fixed near the surface freezing point, HSSW seems an unlikely driver. One
candidate is the warmer (~2 C) Circumpolar Deep Water (CDW) offshore. HSSW is denser than the
deeper CDW and sinks unstably causing the two water masses to mix. Due to that strong mixing, CDW
intruding onto the continental shelf quickly loses its heat to the atmosphere through polynyas and leads in
the winter sea ice. However, small changes in seawater density can affect the strength of vertical
convection, thereby altering the heat budget in the seas surrounding the AIS (Jacobs, 2002; Jacobs and
Giulivi, 2010; Petty et al., 2014; Schmidtko et al., 2014).
During the last half-century, the Ross Sea has freshened rapidly (Jacobs, 2002; Jacobs and
Giulivi, 2010; Schmidtko et al., 2014). If that trend continues, HSSW forming there will attain a similar
density to CDW within the 21st century (Figure 15). How that will affect the heat budget is difficult to
predict and depends on a complicated interaction among the ocean, atmosphere, sea ice, and ice sheet
(Timmermann and Hellmer, 2013; Petty et al., 2014; Smith et al., 2014; Spence et al., 2014; Fogwill et al.,
2015), but in general, freshening will weaken vertical convection, making it more likely for intrusions of
offshore water to reach the edge of the RIS. If that occurs, our findings suggest most of that heat will be
conveyed back to the grounding zone.
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Conclusion
In summary, observations from WGZ, near the southern limit of the RIS, show a shallow (10mthick), stratified water column. Melting of the ice-shelf base has cooled the outflowing upper layer to nearfreezing, while the inflowing lower layer, whose heat drives the melting, has temperature and salinity
similar to ocean water found offshore. Thus, the water flowing beneath the RIS toward the WGZ retains
almost all of its heat, which is used to drive focused melting in the vicinity of the grounding zone. This
finding confirms that grounding zones of large ice shelves can be highly sensitive to the ocean conditions
offshore, an assumption which underlies most ice sheet-ocean models but has never before been
verified. As the RIS is the largest ice shelf, the efficient cross-shelf connection between WGZ and the
Ross Sea suggests ice shelf geometry does not play a large role in grounding zone circulation and
melting rates. Rather, the ocean offshore and seafloor bathymetry are much more important. Therefore
large ice shelves are stable, not because of size or geometry, but because they occur in regions
conducive to their stability; namely they are surrounded by cold and dense water masses. Any change in
that condition, like the rapid freshening underway in the Ross Sea, can upset that stability and trigger
grounding-line retreat like in the Amundsen Sea (e.g., Jacobs et al., 2011; Joughin et al., 2014; Rignot et
al., 2014; Smith et al., 2015).
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Figure 15. Projected density of Ross Sea continental shelf water. Observed seawater density in the western and
eastern Ross Sea (black and white dots respectively) versus CDW (horizontal solid line) over the past half-century
(Jacobs and Giulivi, 2010). The vertical axis is density anomaly at 400dbar, which roughly corresponds to the depth
of the CDW offshore. Separate trend lines are shown for the LSSW occupying the eastern Ross Sea and the denser
HSSW in the central and western Ross Sea. The dashed lines (0.003g kg-1 yr-1; Jacobs, 2002) and dotted line with
shading (0.005±0.002g kg-1 yr-1; Schmidtko et al., 2014) show projections based on estimates of the current
freshening rate.

SEDIMENT CORES FROM WHILLANS ICE STREAM GROUNDING ZONE, ANTARCTICA
Introduction
The fate of the Antarctic Ice Sheet represents the largest source of uncertainty in projections of
sea-level rise (Church et al., 2013; Joughin et al., 2014; DeConto and Pollard, 2016). Much of that
uncertainty arises from a poor understanding of two key environments: (1) the ice sheet bed, where water
affects how quickly the ice sheet slides into the ocean (e.g., Anandakrishnan and Alley, 1997; Engelhardt
and Kamb, 1997; Bamber et al., 2000); and (2) the grounding zone (GZ), where the ice sheet goes afloat
to form an ice shelf. There warming ocean currents rapidly melt the ice shelf (MacAyeal, 1984; Rignot and
Jacobs, 2002) reducing its restraining force and causing the ice sheet upstream to slide even faster
(Shepherd et al., 2004; Joughin et al., 2012). Yet, the bed and grounding zone are rarely studied in situ
(e.g., Engelhardt et al., 1990; Powell et al., 1996; Engelhardt and Kamb, 1997; Sugiyama et al., 2014).
Instead, our understanding of them is largely theoretical (e.g., Alley, 1989; Walder and Fowler, 1994; Ng,
2000; Schoof, 2007a; Schoof, 2007b), or inferred from remote sensing (e.g., Rignot and Jacobs, 2002;
King et al., 2004; Fricker et al., 2007) and geologic records (e.g., Naish et al., 2009). Although these
provide critical insights into processes affecting ice-sheet mass loss, the lack of in-situ observations
leaves many hypotheses and inferences untested.
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As one example, the Ross Sea region is one of the best and longest studied areas in Antarctica.
Yet, the history and future of the region are still matters of intense debate. Geologic records show it was,
and likely remains, one of the most dynamic sectors of the Antarctic (Conway, 1999; Hall et al., 2013;
Anderson et al., 2014). However, the extent past dynamism was driven by ocean warming (Golledge et
al., 2012; Yokoyama et al., 2016), sea-level rise (Bart et al., 2017), subglacial processes (Hulbe and
Fahnestock, 2007; Catania et al., 2012), or outburst floods (Simkins et al., 2016) is uncertain. Moreover,
similar questions exist for most of Antarctica, for which data are even sparser. Grounding-zones deposits
offer arguably the best windows into the ice sheet’s dynamic history. However, disentangling the events
recorded within them requires us to better understand of the processes governing grounding-zone
deposition and their rates.
Here we examine sediment cores collected from the GZ of the Whillans Ice Stream (WIS), one of
the principle ice streams flowing into the Ross Sea (Figure 16). These cores are exceptional because
they were recovered in parallel with observations from the sub-ice shelf ocean cavity, subglacial
hydrologic system, and ice sheet surface (Fricker et al., 2007; Carter and Fricker, 2012; Christianson et
al., 2012; Horgan et al., 2013b; Siegfried et al., 2014; Hodson et al., 2016), thereby providing an
unprecedented look at subglacial and grounding-zone processes influencing ice-sheet stability, as well as
how these are preserved in the geologic record. The cores sample the top of a recently-abandoned
grounding-zone wedge (Figure 17), a wedge-shaped deposit that accumulates where ice sheets transition
to floating ice shelves. For the first time, we were able to measure how quickly a grounding-zone wedges
accumulates, which is critical for assessing their role in stabilizing marine ice sheets (e.g., Alley et al.,
2007). Our analysis shows that the wedge grew rapidly from debris melting out from the ice-shelf base.
While that sediment accumulation helps to stabilize the grounding-zone, it also obscures any sedimentary
record from the dynamic subglacial hydrologic system upstream (e.g., Fricker et al., 2007; Carter and
Fricker, 2012).
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Materials and Methods
Sediment Cores
Using a hot-water drilling system, we melted a ~760m-deep borehole through the RIS, 4km
downstream of the WIS Grounding Zone (WGZ). From that borehole, we collected a series of short
sediment cores using a gravity corer (GC) and a multicorer (MC). The later preserves the uppermost
sediments better but collects a shorter core, whereas the former disturbs the upper sediments but
samples deeper. Combining both yields a longer stratigraphic record while minimizing coring-related
disturbance. Once each core was brought to the surface, it stood vertically to settle before being
decanted, sealed, and packed horizontally for refrigerated shipping. During that settling period, cores
were photographed through their clear core liners to document any features that might be destroyed
during shipping.
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Figure 16. Location of Whillans Grounding Zone (WGZ) borehole. Background images from MODIS mosaic of
Antarctica (Haran et al., 2014) with BEDMAP2 ice elevation contours (Fretwell et al., 2013). Active source seismic
transects by Horgan et al. (2013) shown by red lines. The dashed line marks the 2011 position of the grounding zone
measured during that same study. The solid gray line marks the 2009 positon of the grounding zone (Rignot et al.,
2011).

Figure 17. Active source seismic transects across WGZ with interpretations (Horgan et al., 2013a; Horgan et al.,
2013b). Transect locations shown in Figure 1.
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Sediment Core Logging and Description
The cores were shipped to the Hartshorn Quaternary Lab at University of Massachusetts,
Amherst, where they were split, logged, and sampled. Magnetic susceptibility, gamma density, and
linescan imagery were logged by Geotek multisensor core logger and ED-XRF spectra were logged by
ITRAX XRF at a 0.3mm interval using a 3kW Mo target run at 45kV and 30mA over a 15-second
exposure. Once logged, the cores were described visually and sampled, before being shipped again to
Northern Illinois University where they were x-radiographed.
Sediment Thin Sections
Four 75x35mm sections of GC-4 were extracted at shallow (0 – 8cm), intermediate (28 – 37cm),
and deep (67 – 74cm) intervals, which were subsequently freeze-dried, impregnated with epoxy and cut
into thin sections. Each thin section was oriented with respect to vertical but their orientation relative to ice
flow is unknown.
Particle Size Analysis and Moisture Content
Approximately 20g samples were collected every 2 – 5cm downcore for sediment moisture
content and particle size analysis. Moisture content was determined by weight lost after drying the
samples for 24hrs at 110°C. After drying, 5g aliquots of each sample were gently crushed, sieved to
remove gravel (>2mm), disaggregated with 0.5ml 5% sodium hexametaphosphate solution and 30ml
deionized water, and shaken for 8 hours prior to analysis on a Malvern Mastersizer 3000. Proportions of
gravel (>2mm), sand (63μm to 2mm), and mud (<64μm) were determined from the remaining sample on
a weight basis. As clasts in diamictons can introduce variability in moisture content measurements, we
subtracted the weight of the gravel fraction from the bulk weight before calculating moisture content.
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Magnetic Measurements5
Natural remnant magnetization (NRM) was measured in both gravity and multicores using 2cmwide oriented paleomagnetic cubes spaced at 4cm intervals. Stepwise alternating-field (AF)
demagnetization and measurement of the NRM was performed with a D-tech D-2000 alternating field
demagnetizer, which subjected the samples to peak fields of 0 to 80mT in 5 – 10mT increments, and
AGICO JR-6 spinner magnetometer.
Radionuclide Measurements6
Sediment samples for radionuclide analysis were collected at ~1cm-depth intervals from a MC
and from the lower half of a GC. The samples were dried at 60°C and ground to a fine powder using a
mortar and pestle. Known amounts of the powdered samples were then sealed in vials and activities
of 210Pb, 137Cs, and 226Ra were measured with a high purity germanium (HPGe) well detector
(Princeton Gamma Tech Instruments, Inc.) following established methods (Ivanovich and Harmon, 1992;
Swarzenski et al., 2008).
Cessium-137 is produced primarily by thermonuclear weapons testing, and its concentration in
the atmosphere increased abruptly after 1954 and peaked in 1963 (Lowe and Walker, 2014).
Consequently, 137Cs activity can date sedimentary deposits to the latter half of the 21st century.
Whereas, lead-210 is a naturally occurring isotope from the decay of 226Ra. The activity of 210Pb in
waterlain deposits has two components: supported activity resulting from in-situ decay of 226Ra and an
unsupported activity (termed “excess”) arising from atmospheric fallout. This later component is not
replenished after burial and progressively decays away and provides a means to estimate the time since
deposition, up to about 150 years (Appleby and Oldfield, 1992).

5

Natural remnant magnetization measurements were performed by Stefanie Brachfeld of Montclair State
University.
6 210
Pb, 137Cs, and 226Ra analyses were performed by Peter Swarzenski, formerly of the U.S. Geological
Survey.
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Results
Sedimentary Facies
We identify two facies within the WGZ sediment cores. Facies I is variable in thickness, extending
from the seafloor down to 2 – 9cm depth, and comprises gravel-sized intraclasts of gravelly sandy mud
(Figure 18a), sometimes described as “granulated” or “pelletized” mud (e.g., Domack and Harris, 1998).
Intraclasts in Facies I are interspersed with sandier lenses and gravel yielding a bimodal particle-size
distribution (PSD) (Figure 19).
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Figure 18. Images of MC tops with corresponding interpretations. a) Rainout debris infills the fractured contact with an
underlying bed. Deeper fractures can be seen near the bottom of the photo. b) Another multicore with 7 cm of rainout
with sandier lenses between intraclasts (Photo credit: Ross D. Powell).

Figure 19. Particle size distributions at different depths in GC-1. Black dashed line denotes 125μm, which is typically
taken as the boundary between ice-rafted and hemipelagic sediment in glacimarine settings. Each successive
distribution is offset by .2% for ease of visualization.
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Facies II extends downward from the base of Facies I and consists of an assemblage of weakly
stratified gravelly sandy muds (Table 1) with zones of concentrated or aligned clasts (Figure 20). Unlike
Facies I, it does not contain open-framework intraclasts, but shares other similarities that suggest the two
facies are related. PSDs within Facies II are dominantly non-modal, with the exception of Facies IIb,
which is bimodal and without visible intraclasts (Figure 19; Table 1). Other beds within Facies II include
abundant gravel-sized intraclasts (IIa; Figure 21 and IIb), or faint lamination (IIc). Magnetic susceptibility,
gamma density (a proxy for wet bulk density) and Ca:Ti indicate no other significant down-core variability
in lithology (Figure 22). Due to the subtle variability between beds, contacts were often ambiguous,
particularly once the cores where shipped back from the field. MCs had the best preservation but only
penetrate the uppermost bed of Facies II showing the sharp basal contact of Facies I with irregular
fractures that penetrate ~10cm downward into Facies II (Figure 18a).
Thin sections extracted from Facies II exhibit irregular patches of coarser and finer-grained
sediment (Figure 23a). Like in Facies I, these patches could represent fine-grained intraclasts
interspersed with sandier lenses. In addition, Facies II also exhibited stacked grains and rotational
structures indicative of ductile deformation (Figure 23b) (e.g., van der Meer, 1993; Menzies, 2000;
Hiemstra and Rijsdijk, 2003; van der Meer and Menzies, 2011); however, these were only prevalent in the
uppermost sample (0 – 8cm) where they could reflect coring-related disturbance from the impact of the
GC.
Sediment Geochronology
Grounding zone sediments are notoriously challenging to date, often forcing investigators to apply
a range of dating techniques. As calcareous microfossils are largely absent from the Antarctic margin,
most radiocarbon ages in the region come from bulk acid-insoluble organic (AIO) 14C dating. AIO works
well in settings with high productivity and low detrital input, but not at grounding zones, which receive
significant detrital input of old carbon from upstream. Consistent with that, core-top samples from WGZ
yielded spuriously old AIO ages of >20ka (Scherer, pers. comms.). Another technique well suited for
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Table 1. Facies progression within the WGZ cores by combining multicore and gravity core data. Depths based on
GC-1.

Depth
(cm)

Facies

0-8

I

8-34

34-47

Description
gravelly sandy mud, clast-supported,
bimodal size distribution with sorted
sands and mm- to cm-scale diamict
intraclasts; thickness in cores varies
between 3 – 8 cm

Interpretation

IIa

gravelly sandy mud, matrix-supported,
and massive with mm- to cm-scale
diamict intraclasts

till or debrite with
reworked rainout
debris

IIb

gravelly sandy mud, matrix supported;
bimodal size distribution

till or debrite with
reworked rainout
debris

Ice-shelf rainout

47-62

IIa

gravelly sandy mud, matrix-supported,
and massive with mm- to cm-scale
diamict intraclasts

till or debrite with
reworked rainout
debris

62-70

IIc

gravelly sandy mud, matrix-supported,
and stratified; light and dark banding

consolidated
rainout

70-85

IIa

gravelly sandy mud, matrix-supported,
and massive with mm- to cm-scale
diamict intraclasts

till or debrite with
reworked rainout
debris

Depositional
environment
sub-ice shelf
(rainout debris)

grounding-zone
wedge (stacked
sediment-gravityflow deposits and
tills reworking
rainout debris)
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Figure 20. X-radiograph of GC-1. Second column shows select clasts with dashed red lines highlighting apparent
fabric or clast alignments. Facies interpretations are shown in the third column. (X-radiograph credit: Rebecca
Tarbutton and Ross D. Powell)
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Figure 21. Intraclasts in Facies IIa. The intraclasts appear as subangular, flat regions in split core (GC-1: 10 – 20cm).
The smaller more-rounded intraclasts may be examples of till pellets (e.g., Cowan et al., 2012).
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Figure 22. Core logs and core data for WGZ sub-ice-shelf cores. Logs show facies interpretation, sediment texture,
clast counts from x-radiographs, moisture content, gamma attenuation, magnetic susceptibility and ITRAX Ca:Ti. Due
to a calibration error, gamma attenuation could not be converted to wet bulk density as is standard practice, but the
two are inversely related.

Figure 23. Sediment thin sections from GC-4. a) 56 – 64cm depth. Image shows patches of coarser and finergrained sediment corresponding to intraclasts dispersed within the surrounding matrix. Solid lines mark textural
boundaries. b) 0 – 8cm depth. Dashed lines mark examples of stacked grains and rotational structures.
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dating high-latitude, hemipelagic deposits is paleomagnetic secular variation (PSV), but samples from
WGZ were poor recorders of the geomagnetic field and easily demagnetized, with ~50% of signal
strength removed by a 5-10mT magnetic field and >90% by 20mT. This weak fabric could occur because
the fine-grained fraction accumulated as larger aggregates, preventing individual grains from aligning to
the geomagnetic field or the sediments are not hemipelagic.
Nevertheless, we were able to obtain corroborating age constraints from excess 210Pb and
137Cs abundance. Excess 210Pb declined with depth along a linear trend (Figure 24), warranting us of
the constant flux:constant sediment rate model (Appleby and Oldfield, 1983) with error determined from
the standard error on the regression line (Appleby et al., 1995). Based on that model, the mean sediment
accumulation rate at WGZ was 2 ± 0.8cm yr-1 and does not change substantially between Facies I and II.
ROV observations from within the borehole and surrounding ocean cavity indicate our coring sites were
all within the zone where debris is actively raining out from the ice-shelf base, so we can assume the core
tops are modern. Therefore, the longest core (GC-1 at 87cm) has a basal age of 30 – 90 years. That age
is consistent with sporadic peaks in 137Cs abundance throughout the core, which implies post-1950’s
deposition (Figure 24).

Figure 24. Cs-137 and excess Pb-210 abundance profiles. MC samples shown by white dots and GC-1 samples
shown by black dots. Solid black line marks the transition between rainout (F-I) and grounding-zone wedge (F-II).
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Discussion
Facies I Interpretation
Facies I, with its open framework of intraclasts (Figure 18), is typical of grounding-zone deposits
on the Antarctic continental shelf, which accumulate as clumps of englacial debris melt out from the iceshelf base (Domack and Harris, 1998). As most debris within polar ice sheets is concentrated in a thin
(meters-thick) layer at the bed, most rainout debris accumulates within a few km of the GZ. Beyond that,
the basal ice has melted exposing the cleaner meteoric ice above (cf. Powell et al., 1996). That region is
a “null zone” where little to no sediment accumulation occurs (Domack and Harris, 1998). The bimodal
PSD of Facies I is also typical of glacimarine deposits formed under a mixed-influence of ice rafting,
responsible for the coarser, poorly-sorted mode, and hemipelagic deposition, responsible for the finer,
well-sorted mode. However, in this case, images of debris within the basal ice show both size modes
(Figure 25) suggesting the bimodal PSD may be inherited from the englacial debris.

Figure 25. Image showing bimodal matrix character of the debris-laden basal ice. Photos taken within 2 m above the
ice base; precise scale is unknown, but the larger clasts are a few centimeters in diameter. a) Debris bands showing
size sorting of mud clots that will eventually melt-out forming sorted intraclasts in grounding zone sedimentary
deposits. b) Example of the bimodal matrix character. The darker (muddier) mud clots appear to be cemented
together by lighter (sandier) matrix (credit: Deep-SCINI ROV; additional basal ice images in Appendix B).
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Facies II Interpretation
Active-source seismic surveys across the grounding zone show our borehole was located just
upstream of an abrupt step in the seafloor interpreted as a former grounding-zone wedge (Figure 16).
These features are thought to form from stacked sediment-gravity-flow deposits and tills accumulating in
the ice-shelf cavity at the grounding zone (Alley et al., 1989), which is consistent with the weak
stratification and pebble alignments within Facies II (Figure 20). We also found Facies II was also almost
entirely composed of subangular to subrounded intraclasts (Facies IIa; Figure 21), similar in form to
rainout debris in Facies I. Soft intraclasts would not survive long-distance subglacial transport. Instead,
they probably melted out at the grounding zone during episodic ungrounding events and were later
reworked by sediment gravity flows or subglacial deformation upon re-grounding; or simply consolidated
by the ice burden, as might be the case with the stratified facies (IIc). Fracturing at the upper contact of
Facies II (Figure 18) could result from ice-sheet liftoff, as dropping pressure can cause till to freeze and
stick to the glacier sole (e.g., Powell et al., 1996).
Sediment flux to the grounding zone
Contrary to most studies on GZ wedge formation, which focus on sediment supplied by subglacial
till deformation or by meltwater streams (e.g., Alley et al., 1989), the WGZ wedge is mostly composed of
soft, subangular intraclasts that melted out near the grounding zone and were later modified as ice above
them grounded. The debris-laden basal ice layer, the source of the intraclasts, extends ~10km
downstream from the GZ (Christianson et al., 2016). Assuming an accumulation rate over that area of
~2cm yr-1, the englacial debris flux to the GZ would be 200 ± 80m 2. As the sediment flux from subglacial
deformation is estimated at <40m 2 yr-1 (Hodson et al., 2016), englacial transport appears dominate the
sediment supply to the GZ wedge. This would explain the high concentration of intraclasts within the
wedge and why the accumulation rate within the wedge is similar to that in the rainout. It also suggests
the rate of wedge accumulation cannot be used to infer the till flux from upstream or the thickness of the
deforming bed (cf., Anandakrishnan et al., 2007).
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By constraining the sediment flux to the GZ, we can estimate the erosion rate over the entire icestream catchment. These types of observations are important because glacial erosion affects a wide
range of global processes including mountain uplift (Egholm et al., 2009; Thomson et al., 2010),
biosphere productivity (Hawkings et al., 2014), the carbon cycle (Raymo and Ruddiman, 1992; Herman et
al., 2013), and the dynamics of glaciers and ice sheets (Pedersen and Egholm, 2013; Morlighem et al.,
2014; Taylor et al., 2014). Yet, factors influencing glacial erosion rates are poorly understood. Most
existing models are divided among those favoring thermal regime (Elverhøi et al., 1998; Koppes et al.,
2015) and ice-sliding velocity (Herman et al., 2015; Egholm et al., 2017) as the dominant control on
erosion. As a fast-flowing, polar ice stream, the WIS presents an ideal endmember by which to assess the
relative importance of regime versus velocity. Combined, the englacial and subglacial sediment fluxes to
WGZ yield an average erosion rate of ~0.1mm yr-1 over the entire 235,200km2 Whillans-Mercer
catchment (Joughin and Tulaczyk, 2002). That rate is a similar order of magnitude to other polar glaciers
but orders of magnitude lower than warmer glaciers with comparable speeds and subsantiates the view
that thermal regime is the dominant control on rates of glacial erosion (e.g., Elverhøi et al., 1998; Koppes
et al., 2015).
Grounding-zone Wedge Accumulation
Accommodation space at the GZ is limited by bathymetry and the ice-shelf base. As a result,
sediments accumulating there form characteristic wedge-shaped deposits matching the geometry of the
sub-ice shelf cavity. These grounding-zone wedges are important because they can stabilize GZs against
small changes in sea-level rise or perturbations in ice flow, but only so long as sedimentation keeps pace
with the change in water depth or ice thickness; otherwise, the ice goes afloat (Alley et al., 2007). As
polar glaciers experience the slowest rates of sediment erosion and deposition of any glacial regime
(Hallet et al., 1996; Elverhøi et al., 1998; Koppes et al., 2015), their GZs are most sensitive to these
mechanisms. Nevertheless, the deposition rate of 2 ± 0.8cm yr-1 at WGZ suggests even polar GZs are
resilient against the most extreme projections of future sea-level rise (Golledge et al., 2015; DeConto and
Pollard, 2016). Even in the geologic record, the only instance sea-level rise was known surpass that rate
was during Meltwater Pulse-1A (Deschamps et al., 2012).
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Grounding-zone History
As the cores sample the top of a ~6m-high grounding-zone wedge (Figure 17a) (Horgan et al.,
2013b), the Facies II to Facies I transition (grounding-zone wedge to ice shelf rainout) at ~9cm depth
corresponds with the abandonment of the wedge. Based on our excess 210Pb accumulation model, that
transition occurred sometime after 2006 (Figure 24). Subsequent surveys show the GZ was ~2.5km
upstream in 2009 (Rignot et al., 2011) and ~5km upstream in 2011 (Horgan et al., 2013b) implying a
retreat rate of >1km yr-1. Whether this retreat was sustained has not been verified, but it is not necessarily
cause for alarm. Due to the flat topography of the region, perturbations in ice flow or thickness are
thought to drive the GZ to fluctuate over 100s of km on century time scales (Catania et al., 2006; Hulbe
and Fahnestock, 2007; Catania et al., 2012). Moreover, a local ice-surface high just inland of the GZ
helps stabilize it against further retreat (Horgan et al., 2013b). Although the sediment cores were too short
to date the base of the grounding-zone wedge directly, our sediment flux estimates combined with the
surveys by Horgan (Horgan et al., 2013b) provide a reasonable estimate for the duration of grounding at
the site. The wedge has a cross sectional area of ~7 x 104m 2. Assuming a constant sediment flux of 200
± 80m2, the wedge would require on the order of a few hundred years to develop.
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Subglacial Hydrologic Records
Remote sensing studies have shown the Antarctic’s subglacial hydrologic system can drive small
(<10%), short-duration fluctuations in ice speed (Stearns et al., 2008; Siegfried et al., 2016), but the
cause of larger (>1000%), century-scale fluctuations in ice speed are less well understood due to the lack
of longer-term records of hydrologic variability. Like deltas fed by rivers on land, polar-grounding-zone
deposits have the potential to preserve paleoenvironmental records of the hydrologic network upstream,
as they do in temperate and subpolar settings (Powell, 1981; Powell and Molnia, 1989; Powell and Alley,
1997). Our cores were located downstream of a suspected outflow of a subglacial drainage network
extending up the WIS and passing through Subglacial Lake Whillans (SLW) (Carter and Fricker, 2012;
Horgan et al., 2013a). Although that network drives short-duration fluctuations in ice-surface elevation
associated with subglacial floods (Fricker et al., 2007; Carter and Fricker, 2012; Siegfried et al., 2016), we
found no sedimentary record of hydrologic variability at either WGZ or SLW (Hodson et al., 2016). Most
likely, the high rate of rainout accumulation (2 ± 0.8cm yr-1) relative to the low sediment flux through the
subglacial hydrologic network (Carter and Fricker, 2012; Hodson et al., 2016) obscures any record from
the latter. Moreover, most other grounding zones experience even higher melt rates (Rignot et al., 2013)
creating the potential for even faster rainout.
Conclusions
Cores from WGZ comprise stacked tills or debrites overlain by rainout debris reflecting a shift
from grounding-zone wedge to sub-ice shelf environments that occurred after 2006. However, the driver
behind that retreat and whether it represents a sustained trend is uncertain. The grounding-zone wedge
itself consists of reworked rainout debris, which accumulated as the grounding line fluctuated over time in
response to tides or small changes in ice thickness. Owing to that rainout, the wedge accumulates faster
than was realized, making grounding zones resilient against sea level rise but obscuring any sedimentary
record of subglacial hydrologic variability. Although such records are vital to reconstructing long-term
variability of the Antarctic’s subglacial hydrologic system, our findings suggest they may only occur where
the basal ice is debris-free and rainout is absent or where basal melt rates are substantially lower, like
within a subglacial lake.

RAPID GLACIAL EROSION ASSOCIATED WITH HIGH RUNOFF
Introduction
During the Last Glacial Maximum, ice covered 30% of Earth’s land surface. While only a third of
that ice-cover remains, the growth and retreat of ice during this cycle and many others earlier during the
Cenozoic profoundly shaped the planet. Among glaciation’s many effects include accelerated erosion,
which is hypothesized to influence a broad range of global processes including mountain uplift (Egholm et
al., 2009; Thomson et al., 2010), biosphere productivity (Hawkings et al., 2014), the carbon cycle (Raymo
and Ruddiman, 1992; Herman et al., 2013), and the dynamics of glaciers and ice sheets (Pedersen and
Egholm, 2013; Morlighem et al., 2014; Taylor et al., 2014). Yet, factors controlling rates of glacial erosion
and, consequently, its significance remain poorly constrained. Typically, models simulating glacial erosion
apply an erosion rule of the form:
E = KUn
where U is the glacier sliding speed, K reflects the erodability of the landscape, and n is a constant that is
normally assumed to be one (Hallet, 1979; Koppes et al., 2015).
However, a growing body work suggests this rule is overly simplistic and that glacial regime is
much more important in erosion than ice sliding velocity (Koppes et al., 2015). Globally, rates of glacial
erosion span multiple orders of magnitude and broadly increase with decreasing latitude (Hallet et al.,
1996; Elverhøi et al., 1998; Koppes et al., 2015). At lower latitudes, highly erosive temperate glaciers
appear to ultimately limit the height and relief of mountain ranges through a process known as the ‘glacial
buzz-saw’ (Egholm et al., 2009). Conversely at polar latitudes, cold glacial ice may instead protect
landscapes from erosion allowing mountains to grow higher (Thomson et al., 2010). Thus the vast polar
ice sheets covering Greenland and Antarctica likely contribute less to global erosion than smaller, but
more erosive, temperate glaciers.
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To better understand what drives highly erosive glaciers, we investigate trends in erosion by
temperate glaciers across Glacier Bay National Park and Preserve (GBNPP) in southeastern Alaska.
(58.67°, 136.56°; Figure 26). GBNPP straddles the Fairweather Range, whose orographic effect creates a
strong precipitation gradient across the park (Wilson and Overland, 1987). Owing to the temperate
climate, high precipitation, and tectonically-weakened, frost-weathered bedrock, rates of glacial erosion in
this region are some of the highest worldwide (Hallet et al., 1996; Elverhøi et al., 1998). The sediment
generated by that erosion is ultimately trapped within the fjords in which the glaciers discharge, and
through sequential seafloor surveys we measure the volume of sediment accumulation, which provides
an estimate of glacial erosion rates.
In temperate settings such as this, abundant runoff from rainfall and surface melt flows down
through moulins and crevasses in the glacier surface adding to discharges of large subglacial streams
(Cowan et al., 1988; Alley et al., 1997). Although these streams ultimately transport upwards of 90% of
the sediment discharged from temperate glaciers (Gustavson and Boothroyd, 1987; Hunter et al., 1996a)
and their sediment fluxes increase during periods of high runoff (Cowan et al., 1988), their role in erosion
is typically regarded as secondary to that of the ice (Hallet et al., 1996). This style of hydrology is
significantly different than that typical of less erosive polar and subpolar glaciers and ice sheets, where
runoff reaching the bed is limited by a combination of less rainfall and melt, as well as colder surface and
ice temperatures that refreeze meltwater before it drains to the bed.
Methods
Catchment Delineation
Glaciated catchments were delineated from the Shuttle Radar Topography Mission (SRTM) 90 m
digital elevation model (DEM) and Landsat imagery. Because the surface slope exerts a key control on
hydraulic flow within a glacier, the surface catchment provides a proxy for englacial and subglacial
drainage patterns (Shreve, 1972). As heavily vegetated areas are presumably more stable and
experience less erosion, we excluded them from the catchment areas contributing sediment into the
fjords. Catchments supplying a common fjord basin were merged, as our method of determining sediment
yields cannot fully resolve the contributions from multiple sources within a basin. Although glaciated
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Figure 26. Maps of fjord basins incorporated in this study. a) Map of Alaska. b) Position of Glacier Bay relative to the
Fairweather Range. Circle sizes indicate the relative sediment yields from each glaciated catchment in the study.
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catchments can be relatively dynamic on short time scales, growing and shrinking with glacial advance
and retreat, historical accounts and Landsat imagery indicate that the catchments in this study have not
changed significantly between acquisition of the bathymetric surveys and the SRTM DEM.
Sediment Yields
Sediment yields from glaciated catchments were estimated from the bathymetric difference
between sequential National Ocean Service (NOS) hydrographic surveys conducted with lead line, singlebeam and multibeam sonar between 1901 and 2009 (Appendix C). Surveys were cleaned of errant
soundings and spatially shifted to align with stable landmarks in the coastline and bathymetry. As
positional inaccuracies can produce large bathymetric errors in areas of high relief, we focus our analysis
on the lower relief morainal banks and fjord floors where most sediment accumulates (Powell, 1990;
Hunter et al., 1996a; Hunter et al., 1996b). This omission should not significantly bias our results, as most
sediment accumulating on the walls is eventually remobilized to the basin floor (Cowan et al., 2010). Due
to the efficacy of the drainage network and the abundance of water in this setting, sediment storage
beneath the ice is minimal, and the volume of deposition in the fjord is roughly equal to that eroded by the
glacier (Powell, 1991; Hunter et al., 1996a). To convert the volume of sediment accumulation between
surveys into specific yields, we assumed an average bedrock density of 2.7t m -3 and an average
glacimarine sediment porosity of 0.47 (cf. Hallet et al., 1996). Additional sources of uncertainty in our yield
estimates are discussed in the Supplementary Information.
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Precipitation
Precipitation data across the region are limited due to the complex topography and scarcity of
sampling stations. Most records come from stations near sea level that do not necessarily reflect
conditions at higher elevations. This study relies on mean annual precipitation estimates from a regional
NOAA hydrometeorological report compiled from weather stations, snow course, and stream gauge data,
and augmented using precipitation trends inferred from the distribution of small alpine glaciers (Schwartz
and Miller, 1983). Our catchment-wide precipitation estimates are based on the cubic-spline interpolation
of the isohyets in this report with an added ±15% uncertainty. Variability in annual precipitation is probably
higher than 15%, but the longer timespans of our datasets (>30 years) helps to average out shorter-term
variability.
Marine Ice Losses
Marine ice losses due to calving and submarine melting from tidewater glaciers were determined
from the ice flux through each terminal gate using ice velocities and terminus dimensions obtained from
previous studies (Brown et al., 1982; Pelto and Warren, 1991; Hunter et al., 1996a) or measured from
Landsat imagery and NOS surveys. Given the temporal discrepancy between the velocity data and the
NOS surveys of Lituya Bay, marine losses from N. Crillon and Lituya Glaciers were estimated using a
combination of later velocity estimates (Pelto and Warren, 1991); water depth at the terminus, during the
NOS surveys; and an assumed tidewater cliff height of 60m above sea level. As our results will
demonstrate, marine losses were small relative to the volume of runoff generated by melting and rain.
Therefore, the substitution of velocity data should not have a large impact on our runoff estimates.
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Terrestrial Runoff
To estimate runoff, we subtract the ice flux lost through marine termini from total precipitation
falling on the catchment. This approach assumes that the long-term mass balance of each glacier
approaches a steady state. Collectively, Alaskan glaciers have experienced a negative mass-balance
during the past century; however, long-term (>10yr) mass-balance reconstructions reinforce our steady
state approximation, which suggests that despite regional losses, most glacial catchments in this study
have remained within ±0.5 meters water equivalent per year (m.w.e. yr-1) of equilibrium during the
intervals spanned by hydrographic surveys (Larsen et al., 2007). Both catchments falling outside this
range in the reconstruction experienced their highest losses prior to their seafloor surveys and have
remained quasi-stable since.
Results
Even tidewater glaciers calving at rates of >100m yr-1 lose much of their mass to melting
upstream. Glacial sediment yields across the region broadly correlate with precipitation, regardless of
whether the contributing glaciers are terrestrial or marine, and stable or retreating (Figure 27 and Table
2). The highest sediment yield in our study (~60kt km-2 yr-1) comes from a catchment receiving extreme
orographic precipitation (~5–8m yr-1) along the windward flank of Fairweather Range. In their lee,
precipitation and yields drop proportionally (~2–6m yr-1 and ~2–35kt km-2 yr-1, respectively) within the
catchments surrounding Glacier Bay. At first look, this trend appears consistent with the conventional icevelocity-driven models of glacial erosion in that glaciers fed by more precipitation should flow faster and
erode more. However, terrestrial runoff dominates (>90%) the total water mass flux through glaciers in
this study (
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Table 3). Therefore, the apparent correlation between sediment yield and precipitation may be
driven by runoff, which we estimate as the difference between precipitation and marine ice loss (Figure
28). Annual velocities were not available for the terrestrial glaciers in the study, but the tidewater glaciers
showed no correlation between surface velocity at the terminus and sediment yield (Figure 29; Table 4).
This later point is corroborated by Koppes et al., (2015) who also found no correlation. However, our
study is the first to demonstrate the correlation between sediment yield and runoff. Additional evidence
against a correlation with ice-velocity comes from Muir Glacier whose dramatic retreat during the 20 th
century drove an over 20-fold decrease in velocity as the terminus retreated from tidewater (Lawson,
2003). Despite this significant slowdown, the average sediment yield from Muir has remained consistent
(Figure 30;
Table 3).

Figure 27. Precipitation and sediment yield from glaciated catchments surrounding Glacier Bay. top) Topographic
transect from Lituya Bay, near the Pacific coast, and moving inland across Glacier Bay proper. bottom) Sediment
yields from glaciated catchments in and around Glacier Bay and mean annual precipitation across the same transect
(Schwartz and Miller, 1983). Numbers correspond to glaciers listed in Table 2.
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Table 2. Sediment yield and mean annual precipitation (MAP) for each catchment. Muir tidewater estimate from
Cowan et al. (2010).

Catchment
Grand Pacific &
Margerie1
Johns Hopkins &
Gilman2
N. Crillon &
Lituya3
Reid4
Lamplugh5
Rendu6
Carroll7
Brady8
Muir (terrestrial)9
Muir (tidewater)10

Interval
1972-2009

Area
km2
1030

Specific Yield
103 ton yr -1 km-2
15.8

Erosion Rate
mm yr-1
5.9

MAP
cm yr-1
267

1972-2009

526

24.6

9.1

339

1926-1959

246

63

23

667

1972-2009
1972-2009
1970-2009
1970/722009
19011991/92
2004-2009
1903-1970

75
161
128
643

2.3
4.3
21.2
34.7

0.9
1.6
7.9
12.9

227
259
232
367

307

34.5

12.8

360

187
258-2495

15.5
15.0

5.7
5.5

-

Table 3. Combined marine and terrestrial ice losses and runoff for catchments with stable glacial termini. Loss
estimates assume a neutral mass-balance between NOS surveys.

Tidewater

Terrestrial

Catchment
Grand Pacific &
Margerie
Johns Hopkins &
Gilman
N. Crillon &
Lituya
Reid
Lamplugh
Rendu
Carroll
Brady

MAP
(cm yr-1 )
267

Marine Loss
(cm .w.e. yr-1)
18

Runoff
(cm.w.e. yr-1)
249

Marine Loss
(%)
6.7

339

27

312

8.0

667

30-39

628-637

4.5-5.9

227
259
232
367
360

<45
8
0
0
0

~200
251
232
367
360

<20
3.04
0
0
0
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Figure 28. Long-term (>10yr) sediment yields from catchments with stable termini plotted against estimated annual
runoff. The uncertainties associated with yield and runoff estimates are discussed in the Supplementary Information.

Figure 29. Sediment yield from tidewater glaciers plotted against their surface velocity at the terminus. See Table 4
for data sources.
Table 4. Tidewater glacier annual surface velocities. Data from Brown et al., 19821; Hunter et al., 19962; Lawson,
20033; and Burgess et al., 20134.The final velocity range represents the range of all observations averaged across all
termini feeding a given fjord basin. Note: Burgess et al., (2013) measures only winter velocity, which may be lower
than annual.

Glacier

Surface Velocity (m/yr)

Source

Velocitiy Range (m/yr)

Grand Pacific
Margerie

220 ± 70
364 ± 100

1
1

270 ± 80

N. Crillon
Lituya
J. Hopkins
Lamplugh
Muir (tidewater)

640 ± 100
550 ± 200
800 ± 200
300; 100
3000 ± 1500; 1700

1
1
1
2;3
1;4

600 ± 150
800 ± 200
200 ± 100
3000 ± 1500
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Figure 30. Sediment discharge from Muir Glacier during its retreat and current stable phase. Data from the retreat
phase are from Cowan (2010). Black and grey lines represent the best linear and exponential fits respectively

Discussion
As sediment yield appears to correlate with precipitation but not ice-velocity, we propose that
runoff represents the principle control on erosion by temperate glaciers and provides a better predictor
than the current paradigm linking erosion rates with ice velocity. Yet, the question remains whether
subglacial streams flowing over a barren subglacial landscape are the true agents of erosion, or do
streams serve as catalysts, flushing out accumulating debris that would otherwise retard further grinding
and plucking by the ice (Alley et al., 1997). Although our dataset is unable to resolve exactly what
mechanism drives the correlation between runoff and sediment yield, it suggests an empirical relation
reminiscent of the stream-power incision model developed in fluvial catchments (Further discussion in
Appendix C).
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Owing to the extraordinary temporal and spatial coverage of seafloor surveys around Glacier Bay,
comparable datasets are rare for other glaciated regions. However, both the tectonism and frost action
that weaken the bedrock of southeastern Alaska are common in temperate mountain ranges, potentially
making many of these regions susceptible to similar erosional mechanisms. The inference that runoff
controls the efficacy of the most erosive glaciers is broadly consistent with regional thermochronometric
data, indicating faster uplift along the wetter windward flank of the St. Elias Range (Spotila et al., 2004;
Enkelmann et al., 2015). It also explains why drier fast-flowing polar ice streams experience substantially
slower erosion rates than their wetter temperate counterparts, a notable challenge to models in which
erosion scales with ice-velocity. In polar environments, runoff is probably less critical in driving erosion.
The slower erosion rates in these environments may instead depend more on ice velocity as a greater
proportion of sediment is eroded by plucking and abrasion and transported directly within the glacier or its
bed.
These findings have broad implications that potentially impact studies of freeze/thaw and
fracturing versus stream power as forces of erosion in glaciated terrains and likely governs the “glacial
buzz-saw” hypothesized to limit mountain height (Egholm et al., 2009; Thomson et al., 2010). Such
considerations are directly relevant in assessing the significance of climatic and tectonic forces in driving
uplift and subsidence, and in creating topography. It also substantiates the concept that high erosion
rates are attributable to temperate glaciation with lesser erosion by colder glaciers (Elverhøi et al., 1998;
Koppes et al., 2015). By inference, much of the relief and sediment produced over a glaciation may occur
during periods of relative warmth, such as initiations and terminations. For example, in the extended
glaciation of Antarctica, most topographic development likely occurred earlier in its history (e.g.,
Oligocene) and perhaps reactivated again during warmer climatic optima such as in the Miocene and/or
Pliocene.
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The coinciding trends of global cooling and accelerating global erosion during the Cenozoic has
prompted discussion over how CO 2 drawdown from rock weathering may drive feedbacks between
tectonics and climate (Molnar and England, 1990; Raymo and Ruddiman, 1992), and nowhere is this
accelerated erosion more pronounced than in temperate mountain ranges (Herman et al., 2013) like
southeastern Alaska.
In addition, past intervals of accelerated glacial erosion should also be accompanied by an
increase in glacial runoff. As glacial meltwater is rich in bioavailable iron, a primary nutrient limiting marine
productivity in many parts of the ocean (Hawkings et al., 2014), rock weathering and ocean fertilization
may work in tandem to drawdown CO2 during expanded temperate glaciation.
Lastly, our results have implications on the degree to which erosion and deposition affect the
dynamics of glaciers and ice sheets. On the one hand, deposition at the margins of marine glaciers
decreases exposure to submarine melting and provides back-stress (Powell, 1991), which combined,
may stabilize some against increasing ice losses in a warming climate. This may be particularly true in
settings with abundant runoff, such as southeastern Alaska, or early-phase Antarctic glaciation, where
rapid deposition can influence ice dynamics on decadal time scales (Hunter et al., 1996a). Sedimentation
may also play an important role during the inception of ice sheets by buttressing valley glaciers as they
advance through deep coastal fjords. However, to generate this sediment glaciers must erode their beds,
carving deep valleys, which make them highly susceptible to calving and marine melting once they retreat
(Post, 1975). In alpine glaciers, erosion may lead to a separate instability by concentrating topography
near the equilibrium line, allowing small climate forcing to drive large fluctuations in ablation area
(Pedersen and Egholm, 2013).
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Conclusion
For the first time, we identify a strong correlation between runoff and erosion rates by temperate
glaciers, which are some of the most powerful agents of erosion on the planet. Our results indicate that
subglacial runoff exerts a first-order control on their erosion rates, contrary to the conventional theory, in
which faster ice flow drives faster erosion. This finding is critical to assessing glaciation’s impact on global
cycles linked to erosion and suggests its effects will likely strengthen as the climate warms and glacial
runoff increases.

COASTAL COLLAPSE OF THE CORDILLERAN ICE SHEET DURING MELTWATER PULSE
1A
Introduction
The last glacial termination was punctuated by brief episodes of extremely rapid sea level rise
triggered by the collapse of large segments of the ice sheets that existed at that time (Deschamps et al.,
2012). Understanding what drove these events, known as meltwater pulses, is critical to improving
forecasts of sea-level rise as Earth’s climate continues to warm. During the largest of these events,
termed meltwater pulse 1A (MWP-1A), global mean sea level (GMSL) rose ~15m within a span of about
340 years beginning at 14.5ka. Initially, MWP-1A, like the bulk of post-glacial GMSL rise, was attributed to
the large Laurentide Ice Sheet (LIS) in North America, but later reconstructions of the southern LIS and
global sea level modeling suggest it was unlikely the sole source (for review see Carlson and Clark,
2012). Additional contributions from Antarctic and/or European ice sheets have also been investigated,
but so far evidence of their contributions remains in debate (Carlson and Clark, 2012; Liu et al., 2015).
More recently, the collapse of the ice saddle connecting the Laurentide and Cordilleran ice sheets has
been proposed as the dominant source of MWP-1A water (Gregoire et al., 2012; Gomez et al., 2015).
However, the dynamics of the CIS and CIS-LIS saddle are arguably more poorly constrained than any
Northern Hemisphere ice sheet at the time, and their contribution to MWP-1A has yet to be verified.
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Between 17 and 15ka, paleoclimate proxies from the Gulf of Alaska (GOA) indicate ocean
temperatures offshore of the CIS warmed by 4-5°C (Taylor et al., 2014; Praetorius et al., 2015). Shortly
after the onset of ocean warming, 𝛿18O and iceberg-rafted debris (IBRD) records in the GOA suggest
increasing meltwater and iceberg influence as marine terminating ice streams draining the CIS margin
began to retreat, and by ~15ka, IBRD input had largely ceased as ice streams retreated inland from the
coast (Davies et al., 2011; Taylor et al., 2014). Through this period until ~14ka or later in some regions,
the retreat of the CIS marine-margin is not well dated (for review see Dyke, 2004); however, available
evidence suggests it progressed extremely rapidly via melting and calving from tidewater glaciers in the
deep fjords of southeastern Alaska and British Columbia (Hendy and Cosma, 2008; Clague and Ward,
2011)
On its own, the volume of ice lost from the coastal CIS, which covered the Coast Mountains of the
southeastern Alaskan and British Columbia, could only raise GMSL by ~1 – 2m (cf. Peltier et al., 2015),
not enough to account for MWP-1A. However at the LGM, the CIS ice divide was located east of the
Coastal Mountains and potentially over what later became the CIS-LIS saddle as the two ice sheets
separated (Gregoire et al., 2012; Margold et al., 2014; Peltier et al., 2015). Thus, coastal deglaciation
would also have drawndown the ice surface far into the CIS interior. Due to the atmospheric lapse rate,
the ice sheet surface would warm as it lowered, potentially contributing to widespread surface melting
during MWP-1A.
This same coastal deglaciation event opened the route for human migration into the New World
between 14 – 15ka (Josenhans et al., 1997; Goebel et al., 2008), which had not previously been
associated with MWP-1A. Furthermore, the wide and deep fjords that facilitated rapid CIS deglaciation
share similarities with fjords and subglacial valleys incised along the margin of the modern Greenland Ice
Sheet (GrIS) (cf. Morlighem et al., 2014). Although the CIS margin was temperate and probably warmer
than the current GrIS, both ice sheets are similar in size and volume (Peltier et al., 2015). Therefore the
CIS deglaciation may provide an analog for future GrIS behavior, which could experience similar
temperature forcing over the next century (Church et al., 2013; Praetorius et al., 2015).
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In this paper we reconstruct the retreat of one of the principal coastal ice streams that drained the
Pacific flank of the CIS. The ice stream, which we term the Glacier Bay Ice Stream (GBIS), flowed out the
Yakobi Sea Valley (YSV; Figure 31), one of a series of modern sea floor troughs cutting across the
continental shelf between southern Alaskan and British Columbia that were eroded by CIS outlet glaciers
during the LGM (Carlson et al., 1982; Powell and Cooper, 2002). The YSV is 40km long, 20km wide, and
up to 400m deep, and continues inland to form Icy Strait, that leads into Glacier Bay, Lynn Canal and
Chatham Strait; one of the large fjord systems dissecting the Coastal Range of southeastern Alaska
(Figure 31).
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Figure 31. Site location. A: Map of the Gulf of Alaska margin showing the Laurentide and Cordilleran Ice Sheets
during the Last Glacial Maximum (LGM) (Dyke et al., 2002). B: Map of the Yakobi Sea Valley region with modern ice
extent and 100m bathymetric contours. Black lines depict locations of seismic reflection surveys. Numbered points
mark locations of 14C dates in Table 1.
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Methods
We used high-resolution seismic-reflection profiles collected by the R/V Maurice Ewing in the
summer of 2004 (Figure 31) along with an older USGS profile (line 961 of cruise L-3-78-961; available
from https://walrus.wr.usgs.gov/NAMSS/) to map sediment packages within the YSV. Each sediment
package is bounded by local unconformities and represents deposition during a particular stage of
deglaciation. The seismic profiles were depth converted assuming a sound velocity of 1500m s-1, which is
typical for unconsolidated, fine-grained glacimarine sediment. Our interpretations of these sediment
packages were combined with previously published

14

C ages (Table 5) to constrain the timing and rate of

deglaciation of the GBIS. From these sources, we included only the oldest dates obtained from individual
marine shells, as these have the least uncertainty in terms of contamination by old carbon. All
radiocarbon ages were recalibrated using BChron (Parnell et al., 2008) with the MARINE13 calibration
(Reimer et al., 2013) and a local reservoir correction of 820±60yr (McNeely et al., 2006).
Table 5. 14C and calibrated ages of shell samples constraining the minimum timing of deglaciation inland of the YSV.

Locations shown on Figure 31.
sample
Beta-62751

age
13,500±80

2 calibrated
age range
14,677-15,256

location
Pleasant Island (1)

source
Mann and Streveler, 2008

UW 525

13,495±150

14,226-15,402

Reid Inlet (2)

Powell, 1984

GXO-460

13,960±360

14,384-16,662

Adams Inlet (3)

McKenzie and Goldthwait, 1971

EW0408-66JC
1370.5cm

12,295±35

13,389-13,725

Yakobi Sea Valley (4)

Praetorius and Mix, 2014

14C
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Sediment Package 1 (SP-1)
The YSV is filled by a single glacial retreat succession deposited during the last glacial
termination as the GBIS retreated from its LGM terminal position at the continental shelf-slope break
(Mann, 1986). At its base, the succession is bounded by an angular unconformity (Figure 32) taken to be
a glacial erosion surface (GES) formed beneath the GBIS. Immediately above the GES sits a string of
mounded seismic facies with chaotic, high-amplitude internal reflections (SP-1 in Figure 32; Facies I in
Figure 33). Similar facies occur at the base of temperate fjords where they reflect grounding zone
deposits (Cai et al., 1997; Powell and Cooper, 2002) that lie on either thin, patchy sheets of subglacial till
or the GES. Thus SP-1 formed at the GBIS grounding zone as it retreated up the YSV. Sediment
accumulation rates proximal to temperate glaciers are extreme, typically much greater than 1m yr-1
(Cowan and Powell, 1991; Powell, 1991), and any stabilization of the terminus position quickly produces
a thick accumulation of ice-contact sediment as a morainal bank (Powell, 1991; Powell and Cooper, 2002;
Cowan et al., 2010). As SP-1 is relatively thin (<30m) the GBIS appears to have retreated rapidly through
the deep water of the YSV without stabilizing for an extended period of time.
Sediment Package 2 (SP-2)
Above SP-1 is a unit with a wedge/clinoform geometry consisting of continuous, low-amplitude
reflections (Facies II; Figure 33) that onlap and downlap, typical of turbidite fan deposition in temperate
glacimarine environments (Cai et al., 1997). The configuration of SP-2 is unusual in that it downlaps
landward and only extends across the seaward portion of YSV (SP-2; Figure 32). These characteristics
suggest the source of SP-2 was sediment remobilized from the LGM morainal bank at the seaward end of
the YSV (Figure 31), caused either by the collapse of the over-steepened back side of the bank once the
ice retreated (Powell, 1981; Powell and Domack, 1995) or from reworking of the bank by wave action
while sea level was lower than present during the last glacial termination, or both. As SP-2 was not
directly deposited by the GBIS, its distribution and volume are independent of how long the YSV was
glaciated.
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Sediment Package 3 (SP-3)
The next sediment package is a large wedge form that thickens toward the head of YSV (SP-3;
Figure 32). The shoreward half of SP-3 is composed of stacked lenticular units with chaotic internal
reflections (Facies III; Figure 33) that thin basinward. We interpret Facies III as stacked sediment gravity
flow deposits, debrites, that flowed away from the grounding zone while the terminus sat at the head of
the YSV (cf. Cai et al., 1997; Powell, 1990; Powell and Cooper, 2002). In the seaward half of the YSV,
these debrites interfinger with strongly stratified moderate- to high-amplitude reflections that downlap onto
both SP-1 and SP-2 (Facies IV; Figure 33), which are consistent with seismic facies associated with
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Figure 32. Seismic reflection profile along YSV (vertical exaggeration 17x). Seismic line EW0408-1301 (top) and with
interpretations (bottom).

Facies

Example

Description

I

mounded, choatic high
amplitude internal
reflections

II

parallel, continuous,
low amplitude internal
reflections

III

stacked lenticular, choatic,
medium amplitude internal
reflections

IV

sub-parallel, continuous,
medium to high amplitude
internal reflections

V

transparent, mounded,
sheet-drape

Figure 33. Seismic facies observed in high-resolution seismic profiles across the YSV.
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interstratified sandy turbidites and hemiplegic muds deposited farther from the grounding zone (Cai et al.,
1997; Powell and Cooper, 2002). This architecture, consisting of thick accumulations or waterlain
sediment and debrites, is characteristic of grounding-line fans and morainal bank foreslopes that develop
at warmer tidewater glaciers with abundant subglacial meltwater, (Powell, 1990; Cai et al., 1997;
Dowdeswell et al., 1998). Deposition of SP-3 would have begun once the GBIS terminus retreated to the
head of the YSV and initially was likely contemporaneous with SP-2. Later stages of SP-3 overlie SP-2,
so the source of SP-2 on the outer shelf must have stabilized and dropped below wave-base sometime
during deposition of SP-3.
Together the grounding zone and ice distal deposits comprising SP-3 have a volume of ~6x1010
m3 (Figure 34). Assuming an average porosity of 0.47 (cf. Hallet et al., 1996), this volume is equivalent to
~3x1010 m3 of sediment. While SP-3 was deposited, the GBIS catchment covered an area of at least
13,000 km2 including Icy Strait and Glacier Bay, where it reached altitudes above 1000m (McKenzie and
Goldthwait, 1971). Assuming the effective erosion rate of the GBIS was between 5-30mm a-1, the range
suggested to be typical of temperate glaciers (Hallet et al., 1996; Koppes et al., 2015), deposition of this
sediment volume would require the terminus to have stabilized at the head of the YSV for on the order of
102 years. The prior sediment package, SP-1, which formed as the GBIS retreated across the continental
shelf is roughly one tenth the volume of SP-2 (~6x109 m3). By inference, deglaciation of the outer YSV
was an order of magnitude shorter in duration than the SP-2 stillstand or order of 101 years.

Figure 34. Contoured isopach map of GSS-3. Isopachs (dashed lines) are spaced in 30m intervals and calculated
assuming a sound velocity of 1500 m s-1. Bathymetric contours (solid lines) are at 100m intervals.
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Sediment Packages 4 and 5 (SP-4 and SP-5)
The distal end of SP-3 is onlapped by a sediment package with ponded and continuous, low
amplitude reflections (Facies II; Figure 33) indicating a return to turbidite and hemipelagic deposition far
from the GBIS terminus (SP-4; Figure 32). We interpret this shift in facies as signaling the abandonment
of the grounding zone fan (SP-3) after the terminus retreated from the head of the YSV. Turbidite
deposition during this interval may have occurred as glacial isostatic adjustment (GIA) brought the
landward end of the YSV up to within wave-base. Eventually the landscape stabilized as GMSL rise
continued, at which point, deposition switched to an acoustically transparent mounded drape (Facies V in
Figure 33) that blankets the valley (SP-5 in Figure 32). This final sediment package was sampled by a
jumbo piston core from the seaward end of the YSV (EW0408-66JC at 57° 52.3429’N, 137° 6.2676’W)
and is predominantly hemipelagite which began accumulating prior to ~13.5ka (Barron et al., 2009;
Praetorius and Mix, 2014).
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Synthesis
Although we cannot directly constrain when deglaciation began in YSV, evidence of widespread
ocean warming accompanied by increasing meltwater and IBRD input along the GOA all appear to have
begun around 17ka (Hendy and Cosma, 2008; Davies et al., 2011; Taylor et al., 2014; Praetorius et al.,
2015). By ~16.5ka, IBRD input subsides at many sites, potentially as glaciers stabilized on sills near the
modern coastlines, and by 14.6ka IBRD input ceased altogether as glaciers retreated inland (Cosma and
Hendy, 2008; Davies et al., 2011; Praetorius and Mix, 2014; Taylor et al., 2014). Therefore we consider
retreat of the GBIS followed a similar chronology. Once initiated, deglaciation of the YSV proceeded
quickly. Within the order of 101 years, the terminus appears to have retreated across the continental shelf
to near the modern coastline. There it stabilized on the shallow sill at the head of the YSV for on the order
of 102 years depositing a large morainal bank/grounding-line fan complex before retreating farther up Icy
Strait. Radiocarbon dates from Icy Strait indicate it deglaciated prior to 14.6ka (Mann and Streveler, 2008)
and by 14.2ka glaciers in the vicinity had already retreated to near their modern extents within Glacier
Bay (McKenzie and Goldthwait, 1971; Powell, 1984). This timing roughly coincides with the rapid
dispersal of humans across North America, suggesting the coastal ice streams in southeastern Alaska
and British Columbia were the final barriers to the proposed coastal migration route used by the First
Americans, as opposed to glaciers along the Alaskan Peninsula, which had deglaciated ~2ka earlier
(Misarti et al., 2012).
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Calving rates from marine terminating glaciers increase with water depth (Brown et al., 1982) and
the deep fjords dissecting the coastal margin of the CIS would facilitate rapid deglaciation (Hendy and
Cosma, 2008). Under present conditions, many fjords in southeastern Alaska are kilometers wide and
100s of meters deep and were anywhere from 70 – 230m deeper following the LGM due to GIA (Mann
and Streveler, 2008). As a reasonable first assumption, the pace of post-LGM deglaciation was probably
similar to the well documented retreat of glaciers in Glacier Bay following the Neoglacial maximum, when
tidewater glaciers receded at rates in excess of 1km a-1 through the deeper areas of Glacier Bay (Powell,
1991). During this style of tidewater retreat, glaciers respond to climate forcing in a highly nonlinear
manner and typically only stabilize once the terminus reaches shallow water or a constriction in the fjord
(Mercer, 1961).
Assuming neighboring fjords, some of which are wider and deeper than Icy Strait, deglaciated in
a similar manner, a large sector of the CIS would have disintegrated through melting and calving from
tidewater cliffs around the same time as MWP-1A. Although, the volume of ice directly susceptible to
tidewater retreat was not enough to account for MWP-1A, its loss would cause widespread drawdown in
the CIS interior. We hypothesize that drawdown combined with rising temperatures caused the ice sheet
surface to warm rapidly, accelerating surface melting over the Laurentide-Cordilleran saddle and further
adding to GMSL rise. As previous attempts to model the CIS-LIS contribution to MWP-1A largely omit
processes associated with tidewater glaciers, this could explain why they predict the saddle collapse
much later at 11.6ka (Gregoire et al., 2012). However, additional age controls on CIS retreat are needed
to verify the causal relationship between coastal deglaciation and MWP-1A. We cannot yet determine
whether collapse of the CIS marine margin directly contributed to MWP-1A, or whether it was a catalyst
for the CIS-LIS saddle collapse. Moreover, the full extent of CIS retreat during MWP-1A has yet to be
constrained. If the saddle collapse was the source of MWP-1A, the 3ka discrepancy between model
predictions and the geologic record potentially illustrates the importance of coastal ice dynamics in
projections of ice sheet mass loss and sea level rise, especially with respect to the GrIS, which may
experience similar forcing by the end of the century (Church et al., 2013).

CONCLUSION
Physical processes at grounding zones affect rates of mass loss from marine-terminating ice
sheets and glaciers and produce sedimentary records of glacier and ice sheet history, which are needed
to validate simulations of global mean sea level rise (GMSLR). However, due to the challenges
associated with accessing grounding zones, rarely have these environments been studied in situ (Powell
et al., 1996; Sugiyama et al., 2014). Consequently, knowledge of grounding zones is largely theoretical
(Alley et al., 2007; Schoof, 2007a; Holland, 2008), or inferred from remote sensing (Rignot and Jacobs,
2002; Anandakrishnan et al., 2007) and geologic data (Domack et al., 1999; Lowe and Anderson, 2003).
This dissertation presents observations from two important endmembers among grounding zone
environments, thereby advancing our understanding of how ice sheets and glaciers respond to ocean
forcing, as well how ocean, atmosphere, and subglacial conditions at near the grounding zone are
preserved within sedimentary records.
Chapters 2 through 4 examine the Whillans Ice Stream (WIS), a polar endmember grounding
zone situated near the southern limit of the Ross Ice Shelf in Antarctica, and discuss findings from
sediment cores and in-situ observations collected at its grounding zone and from Subglacial Lake
Whillans (SLW) upstream. These are the first such records to come from a modern ice stream and were
collected in parallel with observations of ice sheet surface dynamics (Fricker et al., 2007; Carter and
Fricker, 2012; Christianson et al., 2012; Horgan et al., 2013a; Horgan et al., 2013b; Siegfried et al., 2014;
Christianson et al., 2016; Siegfried et al., 2016). Major findings of this work include:
1) Subglacial sediment transport to the grounding zone occurs through a shallow (cm’s thick) layer of till
with minimal sediment contribution from the subglacial hydrologic network, which contrasts earlier
theoretical and remote sensing studies that inferred a thicker deforming bed (Alley et al., 1986;
Blankenship et al., 1986) and higher sediment fluxes through the subglacial hydrologic network
(Bentley et al., 2011).
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2) At neither site did we find evidence of a channelized subglacial hydrologic system, which had been
inferred to exist from theoretical and remote sensing studies of the WIS (Walder and Fowler, 1994;
Horgan et al., 2013a; Carter et al., 2017). Nor did we find any record of the subglacial hydrologic
variability known to occur in this region (e.g., Fricker et al., 2007).
3) Offshore ocean water reaching the Whillans grounding zone retains most of its heat during its
>600km traverse beneath the ice shelf. Although this assumption already underlies most models
examining AIS – ocean interaction (Dinniman et al., 2007; Pollard and DeConto, 2009; Golledge et
al., 2012; Golledge et al., 2014; Golledge et al., 2015; DeConto and Pollard, 2016), it has been
essentially untested. Bathymetric barriers, which are poorly mapped beneath ice shelves, or mixing
among sub-ice shelf water masses could restrict the transfer of offshore ocean heat to some
grounding zones. Our results indicate no such barrier exists along the Western RIS allowing for
efficient transfer of heat and nutrients between the open ocean and grounding zone. As the RIS
buttress ice flow along a large fraction of the AIS grounding zone, this finding is critical to assessing
the Antarctic Ice Sheet’s susceptibility to ocean forcing.
4) The WIS grounding-zone wedge consists of rainout debris reworked by debris flows or subglacial
deformation as the position of the grounding line fluctuates over time. Owing to that rainout, the
wedge accumulates faster than was realized, making the grounding zone resilient against sea level
rise but obscuring any sedimentary record from the subglacial hydrologic system.
Chapter 5 examines contemporary grounding zones in Southeast Alaska, which represent the
temperate endmember among grounding zones. Although these systems represent only a minor
contributor to current GMSLR, their contribution will likely increase as global warming will cause
Greenland to become increasing temperate over the next century. Furthermore, the extent and
distribution of temperate grounding zones have fluctuated widely in Earth’s past, and these environments
are thought to have been widespread during Neoproterozic, ‘Snowball Earth’, glaciations (see Arnaud et
al., 2011 for review), as well as during Cenozoic glaciations of Antarctica (Rose et al., 2014; Mckay et al.,
2016), Greenland, and North America (Ashley et al., 1991; Eyles et al., 1991). This dissertation provides
significant insight into temperate grounding zones, including evidence that:
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1) Meltwater exerts the dominant control on erosion rates by temperate glaciers, contrary to the existing
paradigm that ice velocity controls erosion. This finding has implications for a broad range of global
processes linked to glacial erosion, including the interplay between climate and tectonics during
mountain growth; nutrient cycles affecting biosphere productivity and atmospheric CO2 uptake
(Raiswell et al., 2006); and ice sheet dynamics (e.g., Powell, 1991; Morlighem et al., 2014).
2) Similarly, deposition rates at temperate grounding zones largely depend on the flux of meltwater to
the grounding zone. Deposition at grounding zones, which can exceed 10m yr-1 (Cowan and Powell,
1991), reduces the area of the terminus exposed to calving and melting thereby stabilizing the
grounding zone (Powell, 1991). As current ice sheet models generally ignore the effects of
sedimentation, they omit one of the few mechanisms that could help stabilize ice sheets as the
climate warms. In addition, ice sheet models are often tuned to match observational or proxy records.
Therefore, by omitting sedimentation, existing models could be biased in how ice sheets and glaciers
respond to climate change. By constraining deposition rates at grounding zones and the factors that
control them, this work provides a basis for incorporating grounding zone deposition into ice sheet
models.
Chapter 6 applies insights gained from observation of contemporary grounding zone
environments to interpret the stratigraphic record left by a major outlet glacier draining the northwestern
Cordilleran Ice Sheet (CIS) following the Last Glacial Maximum. Current understanding of the timing, rate,
and drivers of CIS deglaciation are limited but are of high interest as the CIS is potentially an analogue for
Greenland in the next century (e.g., Praetorius and Mix, 2014). In addition, the deglaciation of the CIS
may have contributed to Meltwater Pulse 1-A (e.g., Gregoire et al., 2012) and determined the timing and
route of human entry into America. By reconstructing the history of one of the principle CIS outlet glaciers,
this chapter helps to answer these important but unresolved questions related to the history of the CIS.
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Sand Mineralogy
Composition of the sand fraction at SLW is statistically indistinguishable from sediments
recovered upstream (at UpB) and very similar to previously described samples from the Siple Coast and
Eastern Ross Sea Region (Licht et al., 2005). In order of decreasing abundance, the 500 – 2000μm size
fraction contained quartz (37%), feldspar (24%), felsic intrusive lithic fragments (19%), metamorphic lithic
fragments (14%), and intermediate intrusive lithic fragments (3%). Sedimentary lithic fragments, extrusive
lithic fragments, heavy minerals and mafic intrusive lithic fragments each constitute ≤1% (Fig. S1). Felsic
intrusive grains commonly display evidence of hydrothermal alteration, either by chlorite replacement of
biotite or seritization of feldspars grains. Metamorphic grains are dominantly schists and phyllites, and
sedimentary lithics include diamictites, mudstones, limestone, and dolomite.
Microfabrics
Microfabrics support this interpretation showing structures consistent with ductile shear and very
little disturbance from degassing. Skel-insepic intergrading to skel-lattisepic plasmic fabrics and rotational
microstructures are dominant in all of the sampled intervals. Large (0.1 – 0.5 mm wide) planar fractures
are abundant in the shallowest piston core and percussion core thin sections. In the piston core sample,
fractures display a polygonal pattern suggesting they formed by desiccation. Samples used in AMS and
NRM were taken immediately after the cores were split and should not have been affected. In the
percussion core sample, fractures are dominantly subhorizontal and may have formed from dilation and
pressure release caused by the ‘hammering’ of the corer. Planar plasmic fabrics occur in proximity to the
fractures where they are aligned parallel to the dominant fracture orientation. We interpret these fabrics
as evidence of coring disturbance, which may overprint natural magnetic fabrics in the percussion core.
Subvertical planar fabrics occur in the deepest piston core sample (see masepic fabric in Figure S2). The
corresponding AMS fabrics have an anomalous vertical trend interpreted as evidence of core stretching
(see horizontal Kmin vectors in Fig. 3a). Degassing tubules tend to be very fine (<0.1 mm wide), rare (<2%
of area), and most importantly show very limited disturbance of the surrounding fabric suggesting that
degassing has not significantly affected magnetic fabrics in the cores.
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Magnetic Granulometry
Methods
The hysteresis parameters saturation magnetization, saturation remanence, coercivity, coercivity
of remanence, and high-field magnetic susceptibility (MS, MR, BC, BCR, and χhf, respectively), were
measured on a Princeton Measurements Corp. Vibrating Sample Magnetometer (VSM) in a 1-T peak
field. Measurements were made on bulk sediment to assess the average domain state responsible for the
natural remanent magnetization and anisotropy of magnetic susceptibility behavior. Raw hysteresis data
were processed by using HF (calculated between 0.7T and 1T) to remove the paramagnetic contribution
to the induced magnetization, and then normalized by mass. The hysteresis parameters saturation
magnetization (MS), saturation remanence (MR) and coercivity (HC) were determined from the
paramagnetic-corrected data. The coercivity of remanence (HCR) was determined through the DCdemagnetization of a saturation isothermal remanent magnetization imparted in a 1T field. The S-ratio
was measured by imparting a 1T isothermal remanent magnetization, followed by the application of a
300mT backfield, and calculating S as MR(-300-mT)/MR(1-T).
Thermomagnetic curves were measured on an AGICO KLY-4 Kappabridge at Montclair State
University. Magnetic susceptibility was measured on a sample size of 500-600mg of dry sediment during
heating and cooling from 20 - 700˚C in a flowing argon gas atmosphere. Raw data were corrected for the
furnace contribution and normalized by mass.
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Grain mounts were prepared to observe Fe-oxide mineral assemblages via electron microscopy
following Darby and Bischof, 1996. The 45-500m size fraction was wet sieved and then processed using
a Franz magnetic separator. The magnetic fraction was examined under an Olympus SZ12
stereomicroscope. Grains with metallic luster were manually picked from the magnetic fraction, mounted
in epoxy, polished, and carbon-coated. Polished specimens were examined using a Hitachi S-3400N
Scanning Electron Microscope (SEM) equipped with a Bruker X-flash X-ray microanalysis system.
Standardless quantitative analysis was performed using the Phi-Rho-Z standardless quantitative analysis
routine in Bruker’s Esprit 1.9.3 software. Tests of the Phi-Rho-Z routine on microprobe quality mineral
standards yielded results within 0.05 to 1% relative of the published compositions for major elements
(wt% > 5%) and within 0.05-0.5% relative for minor elements (<5 wt%).

Results
The magnetic mineral assemblage in SLW-1 PC1 and PEC1 is comprised of magnetite and minor
amounts of ilmenite and hematite, with the latter likely occurring as nano-scale lamellae in
(hemo)ilmenite. The magnetic mineral assemblage is uniform throughout PC1, consistent with relatively
constant Fe/Ti ratios determined from XRF measurements. Magnetic domain state was determined from
the median destructive field of the NRM (MDFNRM), the alternating field value at which 50% of the NRM is
removed, and from hysteresis measurements. MDFNRM values in PC1 are between 35-40mT, consistent
with fine PSD magnetite. Hysteresis parameters in bulk samples from SLW-1 piston core 1 (PC1) and
percussion core 1 (PEC1) are dominated by multidomain grains, with MR/MS values between 0.04 and
0.06 and Bcr/Bc values between 5 and 6. This is consistent with lithic fragment abundances, for which
felsic and intermediate intrusive fragments (i.e, coarse grained lithologies) are abundant, and extrusive
fragments (fine grained lithologies) comprise < 1% of the assemblage (Appendix A).
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Magnetic mineralogy was determined from thermomagnetic curves, S-ratios, and energydispersive x-ray spectroscopy (EDX). S-ratios are nearly 1 for all samples (Table S1), indicative of low
coercivity minerals such as magnetite. Susceptibility vs. temperature is invariant between 20 and 380 ˚C.
Susceptibility increases between 380 and 450˚C, which is likely a thermochemical alteration feature. This
is followed by rapid loss of signal between 565˚C and 610˚C, indicative of low-Ti titanomagnetite and
magnetite that are slightly oxidized. A continued loss of signal is observed between 600 and 700˚C, which
is suggestive of hematite. This feature is reversible in the heating and cooling curves. As no hematite
grains were observed in the SEM and the S-ratios are uniformly near 1, we infer this high-temperature
signal as originating from nanno-scale hematite intergrowths within ilmenite. SEM and EDX data support
the thermomagnetic data. Observations of magnetic grains extracted from the 45-500μm fraction reveal
homogeneous magnetite (72% wt % Fe and no other detectable cations) and homogenous ilmenite in
which the Fe wt% (38 %) is very slightly enriched above the stoichiometric value (36.8%).
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APPENDIX B: ANCILLARY DATA FROM WHILLANS ICE STREAM GROUNDING ZONE
SEDIMENT CORES
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Figure 35. Examples of high (top) and low (bottom) debris content in basal ice. (credit: Deep-SCINI ROV)
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Figure 36. Photos of multicore cores prior to shipping. Clockwise from top-left: MC1A, MC4C, MC2A ,MC4C, MC2A,
MC4C.
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Figure 37. X-radiograph of GC-4.Second column shows select clasts. Dashed red lines show alignments in clast or
fabric. Facies interpretations are shown in the third column.
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Figure 38. Split-core image of GC-1

114

Figure 39. Split-core image of GC-4

Figure 40. Split-core image of MC-4A.
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Figure 41. Thin section of 0 – 8cm from GC-4.
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Figure 42. Thin section of 28 – 37cm from GC-4.
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Figure 43. Thin section of 56 – 64cm from GC-4.
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Figure 44. Replicate thin section of 56 – 64cm from GC-4.
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Figure 45. NRM results from MC1A 0 – 2cm. Clockwise from the top left: Stereonet showing each AF
demagnetization step as a lineation; Vector endpoint diagram, and Intensity of NRM vs. applied field strength. A
“good” sample would show a tight cluster of points in the stereonet, i.e., no change in the vector orientation during AF
demagnetization (AFD).
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Figure 46. NRM results from MC1A 7 – 9cm. Clockwise from the top left: Stereonet showing each AF
demagnetization step as a lineation; Vector endpoint diagram, and Intensity of NRM vs. applied field strength.

121

Figure 47. NRM results from MC1A 16-18cm. Clockwise from the top left: Stereonet showing each AF
demagnetization step as a lineation; Vector endpoint diagram, and Intensity of NRM vs. applied field strength.

122

Figure 48. NRM results from GC1 5 – 7cm. Clockwise from the top left: Stereonet showing each AF demagnetization
step as a lineation; Vector endpoint diagram, and Intensity of NRM vs. applied field strength.
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Figure 49. NRM results from GC1 44 – 46cm. Clockwise from the top left: Stereonet showing each AF
demagnetization step as a lineation; Vector endpoint diagram, and Intensity of NRM vs. applied field strength.
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Figure 50. NRM results from GC1 73 – 75cm. Clockwise from the top left: Stereonet showing each AF
demagnetization step as a lineation; Vector endpoint diagram, and Intensity of NRM vs. applied field strength.
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Table 6. Supplemental sediment core descriptions.

Core

Depth (cm) Facies Code Description
matrix-supported, massive diamicton, slightly pebbly sandy mud,
0-2.5
Dmm
5Y4/1, possibly more gravel than units II-IV, granule to small
pebble-sized, angular/subangular lithic clasts
matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized, angular/subangular lithic
clasts

2.5-4.4

Dmm

4.4-6

Dmm(i)

6-19.6

Dmm

MC11A

0-26.2

Dmm(i)

MC-2A

0-17.9

Dmm

0-7.5

Dmm

7.5-18.5

Dms(i)

matrix-supported, finely stratified diamicton, slightly pebbly sandy
mud, 5Y4/1, granule to small pebble-sized, angular/subangular
diamicton intraclasts and lithic clasts, sharp basal contact

18.5-23

Dmm

matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized, angular/subangular lithic
clasts

MC-5A

0-22.3

Dmm

matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized, angular/subangular lithic
clasts

MC-4C

0-26

Dmm(i)

matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized,
angular/subangular diamicton intraclasts and lithic clasts

MC-7B

0-31.2

Dmm(i)

matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized,
angular/subangular diamicton intraclasts and lithic clasts

MC-5B

0-2.5

Dmm

MC-5B

2.5-25.7

Dmm(i)

MC-1A

GC-6

matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized, angular/subangular diamicton
intraclasts and lithic clasts
matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized, angular/subangular lithic
clasts
matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized, angular/subangular diamicton
intraclasts and lithic clasts
matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized, angular/subangular lithic
clasts
matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, gritty appearance, sharp basal contact, granule to small
pebble-sized, angular/subangular lithic clasts

matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, sharp basal contact, granule to small pebble-sized,
angular/subangular lithic clasts
matrix-supported, massive diamicton, slightly pebbly sandy mud,
5Y4/1, granule to small pebble-sized,
angular/subangular diamicton intraclasts
and lithic clasts

Table 7 Magnetic properties of Subglacial Lake Whillans sediment.

Core

Depth
cm

Mass
mg

BC mT

MR Am2/kg

MS Am 2/kg

MR/MS

χhf
m3/kg

BCR mT

BCR/BC

S-ratio

PC1
PC1
PC1
PC1

13-15
21-23
37-39
55-57

364.5
327.8
369.4
356.5

6.040
6.918
6.839
6.695

3.97E-03
3.70E-03
4.20E-03
3.46E-03

8.11E-02
6.11E-02
7.45E-02
6.17E-02

0.0490
0.0606
0.0563
0.0560

6.20E-08
6.47E-08
6.59E-08
7.02E-08

33.77
35.50
35.36
34.91

5.59
5.13
5.17
5.21

0.995
0.991
0.993
0.988

PC1

69-71

348.9

6.531

4.08E-03

7.60E-02

0.0537

6.51E-08

34.42

5.27

0.991

PC1
PEC
PEC

77-79
4-6
17-19

311.7
372.4
350.6

4.273
6.539
5.350

3.70E-03
3.85E-03
3.47E-03

8.29E-02
6.67E-02
7.22E-02

0.0446
0.0577
0.0480

7.60E-08
6.65E-08
7.04E-08

25.54
34.17
31.70

5.98
5.23
5.93

1.017
0.993
0.994

PEC

32-34

363.4

6.292

3.77E-03

7.71E-02

0.0489

7.01E-08

32.50

5.17

0.992
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Figure 51 Composition of the 500 – 2000μm sand fraction of a total core sample of the piston core.
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Figure 52 Sediment thin sections from the piston core.
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Figure 53 Day plot showing stable single domain, pseudo-single domain and multidomain regions.
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Figure 54 SLW-1 PC1 13 – 15cm heating and cooling thermomagnetic curves.
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APPENDIX C: UNCERTAINTY IN SEDIMENT YIELDS
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Uncertainty in sediment yields by catchment
Surveys were cleaned of errant soundings and spatially shifted to align with stable landmarks in
the coastline and bathymetry. As positional inaccuracies can produce large bathymetric errors in areas of
high relief, we focus our analysis on the lower relief morainal banks and fjord floors where most sediment
accumulates. In older, less densely sampled surveys, additional soundings were synthesized by
assuming the fjord floor is relatively flat (~0°-slope) and that slopes of morainal banks follow a natural
angle of repose, which is uniform across their foreslope. A depth uncertainty of ±2 m, due to
“hydrographic rounding” or instrument limitations is assumed for older surveys (Calder, 2006).
Grand Pacific & Margerie
The sediment yield from Grand Pacific and Margerie Glaciers was estimated from NOS surveys
H12140 (2009) and H09316 (1972), along with the growth of Grand Pacific’s delta estimated as the
difference between H09316 and sea level. Due to the simple geometry of the inlet into which these
glaciers discharge and the confining sill its entrance, we assume only the base vertical uncertainty,
equivalent to 41x106 m3 of sediment. However, Grand Pacific’s catchment is split between two termini,
Grand Pacific and Melbern, and thus may vary in size as the flow to either terminus varies. To account for
this we assume an additional ±20% uncertainty in the size of the contributing catchment. Combined, the
total sediment flux from Grand Pacific and Margerie is 480±140 x106 m3, an uncertainty of ±29%.
Johns Hopkins & Gilman
The sediment yield from Johns Hopkins and Gilman glaciers was estimated from NOS surveys
H12140 (2009) and H09315 (1972). As the walls of Johns Hopkins Inlet are glaciated and largely
vegetated, they were included in the contributing catchment area. Although a well-defined sill does not
enclose Johns Hopkins Inlet, differential bathymetry indicates most deposition is confined to the head of
the inlet (See: Fig 1), and we infer transport out of the inlet to be negligible. The base vertical uncertainty
within Johns Hopkins Inlet is ±23x106 m3, equivalent to 6% of the estimated yield. Johns Hopkins
terminus advanced roughly ~500m between bathymetric surveys, likely causing the large submarine slide
deposit at the foot of its morainal bank. As accumulation within this region cannot be constrained through
differential bathymetry, we include an addition 10% uncertainty in the sediment flux.
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North Crillon & Lituya
The sediment yield of North Crillon and Lituya Glaciers was estimated from NOS surveys H08492
(1959) and H04608 (1926) and is an estimated 340x106 m3. As both surveys are older, we assume a
large vertical uncertainty of ±3m, equivalent to ±42x106 m 3 of sediment. The growth of the ice-contact
delta at the terminus of North Crillon contributed another 62±20x10 6 m3 of sediment, estimated by the
difference between H04608 and sea level. Prior to the 1959 bathymetric survey, a large rockslide
deposited 30.6x106 m3 of sediment within the inlet (Miller, 1960), equivalent to ~8% of the total
accumulation during this period. The resulting tsunami destroyed the delta and morainal bank
accumulating at the head of Gilbert Inlet, presumably redepositing the material midway down fjord in the
deepest portion of the basin. For this study, we exclude this slide from our yield calculations.
Consequently the total glacial sediment flux into Lituya Bay was 370±62x10 6 m3, an uncertainty of 17%.
Reid
The sediment yield from Reid Glacier was estimated from NOS surveys H12141 (2009) and
H09315 (1972). Due to the simple geometry of the inlet and the confining sill at its entrance, most
sediment discharged from Reid Glacier is confined in the basins within Reid Inlet. Thus the principle
source of uncertainty is the base vertical uncertainty between surveys. Therefore, the total sediment flux
into Reid is estimated at 5.1±1.5x106 m3, an uncertainty of 30%.
Lamplugh
The sediment yield from Lamplugh Glacier was estimated from NOS surveys H12140 (2009) and
H09315 (1972). Although situated in the distal portion of the inlet, Lamplugh discharges into the same
basin as Johns Hopkins, making it impossible to precisely separate the contributions from either glacial
catchment. However, the accumulation rates within the basin indicate that the sediment flux contributed
by Lamplugh is substantially lower than that by Johns Hopkins and Gilman. The estimated sediment flux
from Lamplugh with vertical uncertainty is 39±12x10 6 m3. We include an additional uncertainty of ±20%
due to potential contributions from other glaciers, such as Johns Hopkins. Therefore the total sediment
flux from Lamplugh glacier is estimated at 39±20 x106 m3, an uncertainty of ±50%.
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Rendu
The sediment yield from Rendu Glacier was estimated from differential bathymetry between NOS
surveys H09141 (1970) and H12141 (2009), combined with the growth of Rendu’s delta estimated as the
difference between H09141 and sea level. Due to the simple geometry of the inlet, the stability of the
terminus, and the confining sill at its entrance, we assume only the base vertical uncertainty. We estimate
the sediment flux from Rendu Glacier as 84±18x10 6 m3, an uncertainty of ±21%.
Carroll
The sediment flux from Carroll Glacier is split between outlets into Queen and Wachusett Inlets.
The flux into Queen is estimated from surveys H12141 and H12142 (2009) and H09131 and H09141
(1970). Accumulation within Queen Inlet was 195±26x10 6 m3, with an additional 40±20x106 m3
contributed to Queen Inlet’s delta estimated from the difference between H09141 and sea level. A
submarine canyon fed from the delta cuts across the inlet discharging an additional 295±60x10 6 m3 into
the West Arm of Glacier Bay.
The flux into Wachusett Inlet was estimated from NOS surveys H12144 (2009) and H09317
(1972). Assuming only the base vertical uncertainty, 49±7x10 6 m3 of sediment accumulated in Wachusett
Inlet between surveys. The earlier survey, H09317, did not extend to the head of the inlet, as this region
was still covered with stagnant ice in 1972. However, the ice had already disappeared by the summer of
1973 and the shoreline is visible in the Landsat scenes from that period. We estimate the deposition at
the head of Wachusett by the difference between the 2009 survey and a linear interpolation between the
water depth at the edge of the 1972 survey and sea level at the position of the inlets head in1973
shoreline. By this estimate another 40±20x10 6 m3 of sediment accumulated at the head of the inlet,
beyond the coverage of the early NOS survey. Though the estimate is crude, the region is relatively small
and does not contributed substantially to the uncertainty in the sediment flux from Carroll. Combining the
sediment fluxes into Queen, the West Arm, and Wachusett, we estimate that Carroll discharged
650±120x106 m3 of sediment between NOS surveys, an uncertainty of ±19%.
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Brady
The sediment yield from Brady Glacier was estimated from NOS surveys H02558 (1901),
H10425, and H10419 (1992). In addition, the delta at the head of Taylor Bay grew by 360x10 6 m3, which
we estimated by the difference between H02558 and sea level. Besides the main depocenter in Taylor
Bay, a submarine canyon originating of the delta slope feeds into a second basin in Icy Strait, which
infilled by193x106 m3. Along with the hemiplegic accumulation within Icy Strait, which is less well
constrained due to potential inaccuracies in the 1901 lead line survey, we estimate the total sediment flux
from Brady Glacier as 760±150x106 m3, an uncertainty of 20%. Brady Glacier has multiple smaller outlets,
which adds uncertainty to our yield estimate, as the historical flow path may have been slightly different
from the modern. To account for this, we include an additional uncertainty of 10% in the final yield
estimate.
Muir (Terrestrial)
The sediment yield from Muir Glacier after it retreated from tidewater was estimated from
differential bathymetry between H12144 (2009) and EW0408 (2004). Roughly 8.9x10 6 m3 of sediment
accumulation is recorded between the surveys. As both surveys were acquired with multibeam and GPS,
we assume a smaller vertical uncertainty of ±0.5m, equivalent to 1.6 x106 m3 of sediment. In addition, the
later EW0408 survey does not cover the 110m nearest the terminus. As Muir’s morainal bank has a linear
slope, we reconstructed the upper portion of the bank by extrapolating from the 2004 survey. From the
difference between 2009 and the reconstructed 2004 surface, an additional 2.9±0.37 x10 6 m3 of sediment
accumulated at the head of the inlet for a net sediment flux from Muir Glacier of 11.8±2.0 x10 6 m3, an
uncertainty of ±17%.
Stream-power style erosion model
Though the physical mechanisms driving the correlation between glacial sediment yields and
runoff remain unclear, it is reminiscent of the stream-power incision model (Howard, 1994):
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where

is the bedrock incision rate; the coefficient K reflects the erodibility of the landscape

(approx. 13kt km-2 m-1), and may vary regionally; Q is specific discharge; and C is a negative constant
(approx. -18kt km-2). Unlike the typical form of stream-power incision model, glacial erosion rates can be
approximated without a drainage basin slope term, likely reflecting the dominant mechanism of erosion
(Whipple et al., 2000). For example, ice buttressing may attenuate slope-dependent erosional processes,
or, intense erosion may be extremely localized, such as at cirque floors or headwalls. Alternatively, any
slope dependence may be too subtle to resolve in our data. The negative C term suggests that erosion
rates drop abruptly in drier environments (Q <130cm yr-1), perhaps indicative of a threshold to bedrock
erosion akin to the critical shear stress in the traditional stream-power law (Howard, 1994; Whipple et al.,
2000). Below this threshold, processes such as glacial plucking and abrasion may come to dominate over
stream action or erosion may be retarded by the development of a till bed.
Table 8. Hydrographic surveys used in calculating sediment fluxes.

Year
1901
1926
1959
1970
1972
1973
1990
1991
1992
2004

Survey
H02558
H04608
H08492
H09138, H09139, H09141
H09315, H09316, H09317, H09318
H09405
H10338
H10371, H10374
H10419, H10420, H10425, H10426
EW0408

